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The focus of this thesis is on the chemistry of the bis(imine) pyridine ligand 
and its complexes. Bis(imine) pyridines are molecules that consist of a central 
pyridine ring bearing imine functions at the 2- and 6- positions. In the remainder of 
this thesis, we will often use the abbreviation "bimpy" for bis(imine) pyridine. 
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Figure 1. The bis(imine) pyridine (bimpy) ligand.
The ligand merits this attention because its metal complexes have led to 
unique and unexpected catalysis, primarily polymerisation catalysis, as explained later 
in this chapter. The ligand also gives rise to interesting stoichiometric chemistry, 
because it is not just a ligand: it is reactive in a chemical sense, and can also accept 
and later release electrons. One of the main goals of this thesis is to find out whether 
this so-called "ligand non-innocence" and the remarkable catalysis are related. 
1.1. The bimpy ligand 
The first report of a bimpy ligand dates back to 1957; all variants described in 
that particular study were bis(aldimine) ligands (R = H) with alkyls as well as aryls 
attached to the imine nitrogens.1 The first reports of bis(ketimine) (R = Me) variations 
were published in 1968 (R’ = alkyl)2a and 1974 (R’ = aryl).2b 
From a coordination chemistry perspective, the terdentate bimpy ligand bears 
some resemblance to the well-known terpy ligand. However, bimpy is more flexible 
than the all-planar, all-aromatic terpy.3 Both types of ligands coordinate exclusively in 
a mer fashion, in contrast to the partially saturated bis(amine) pyridine4 and 
bis(amine) phenyl ("pincer")5 type ligands, which are more flexible and for which fac 
coordination has occasionally been reported. 
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Figure 2. The terpy (A), bis(amine) pyridine (B) and bis(amine) phenyl (C, "pincer") ligands.
We have studied the formation of complexes of bis(imine) pyridines, as well 
as the electronic properties and chemical reactivity of the ligands, with the ultimate 
aim of elucidating the factors responsible for their usefulness in catalysis. Ligand 
variation has often been employed to tune reactivity and catalysis. Since the 
systematic names of these ligands are rather unwieldy,A we will use a simple 
abbreviation scheme throughout this thesis. The abbreviations will also cover 
mono(imine) pyridine ligands, which we have studied for comparison. 
Each abbreviation has the form XLyzzz. Here, y indicates the number of imine 
groups: m (mono) for one group, b (bis) for two. X indicates the R substituent at the 
imine carbon, and can be A (aldimine) for R = H, or P for R = Phenyl, or F for R = 
                                                 
A
 For example, the ligand having R = Me and R’ = 2,6-iPr2C6H3 would have the IUPAC name N1-(1-
{6-[(2,6-diisopropylphenyl)ethanimidoyl]-2-pyridyl}ethylidene)-2,6-diisopropylaniline. 
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CF3; for the common case of R = Me, we simply omit the X indicator. Finally, zzz 
indicates the R’ substituent at the imine nitrogen; the groups we have used are 
collected in Table 1. Figure 3 illustrates the use of this convention. 
N
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Lmdip ALbhex
 
Figure 3. Examples of ligand abbreviations.
Table 1. R’ substituent abbreviations 
zzz code group 
cal H # H
 
met methyl # Me
 
hex hexyl #
 
ocd octadecyl #
 
tBu tert-Butyl 
#
 
phe phenyl 
#
 
dmp dimethylphenyl 
#
 
dep diethylphenyl 
#
 
dip diisopropylphenyl 
#
 
mes mesityl 
#
 
mop 4-methoxyphenyl 
#
OH
 
pfp pentafluorophenyl 
#
F
F
F
F
F
 
 
Ligands can exert steric and electronic influence on reactions; in 
addition, they can themselves be involved in chemical reactions. A common reaction 
of bimpy ligands is deprotonation of one or both imine methyl groups. The resulting 
modified ligands are designated as {L-H} or {L-2H}. Other reactions we will 
encounter in this thesis involve alkylation of the ligand backbone at various places. 
Ligands formed in this way are designated as {L+Me(n)} etc., where n indicates the 
catalytic
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position of attack at the ligand backbone: n = 2-4 for the carbon positions of the 
pyridine ring, n = N for pyridine nitrogen, and n = i for the imine carbon. 
1.2. Catalysis with bimpy complexes 
1.2.1. General introduction to insertion polymerization 
catalysis 
In order to achieve insertion polymerisation catalysis, one needs an 
electrophilic (usually cationic) transition metal with an alkyl group attached, and a 
vacant site cis to it for the monomeric olefin to coordinate. The rate of polymerisation, 
the length of the produced chains, and the amount of branching in these chains is then 
determined by a delicate balance of processes, the most important of which are 
summarised in Scheme 1 for the simplest case of ethylene polymerisation. 
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Scheme 1. The most important reactions in olefin polymerisation (BHE = β-hydrogen elimination, 
BHT = β-hydrogen transfer).
In general, ethylene complexation (which depends on the electrophilicity of 
the central metal) should be strong enough to prevent the dissociative BHE (β-
hydrogen elimination) pathway. Both associative BHE and BHT (β-hydrogen 
transfer) can be prevented by the judicious introduction of steric bulk around the 
metal centre. Other chain termination mechanisms exist, such as chain transfer to 
cocatalyst or to an added chain transfer agent, and deactivation through reaction with 
impurities. Also, "chain walking" (the movement of the metal atom along the chain 
between insertions via reversible BHE) may lead to more complicated polymer 
structures. Finally, with higher olefins regio- and stereo-selectivity become important 
factors. These latter complications are not very relevant to the present thesis and will 
not be discussed here. 
In the prototypical case of metallocene polymerisation, the starting complex is 
a metal dichloride precursor. Activation can be carried out in two different ways. In 
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the stepwise approach, the complex is first alkylated by a suitable agent, leading to a 
metal dialkyl. Subsequently, one of these alkyls can be abstracted by a Lewis acid, 
resulting in a cationic mono-alkyl active species (Scheme 2A). It should be noted here 
that neither alkylation nor alkyl abstraction changes the oxidation state of the metal. 
Alternatively, these alkylating and abstracting actions can be achieved by the action of 
MAO,6 which is usually added in large quantities as it also serves a third role as 
scavenger for impurities. However, with MAO often mixtures of products are 
formed.7 MAO may either form a mono-methyl-mono-chloride complex and abstract 
a chloride from this, or first form a dialkyl complex and then abstract an alkyl from it 
(Scheme 2B). The resulting M-Me cation may be present as such or as a dinuclear 
complex with Me3Al (always present in MAO) or with a neutral dichloride or dialkyl 
complex.8 MAO is the cocatalyst of choice for industrial applications (if no cheaper 
alternative can be used), but the large excess needed, and the mixture of products 
formed with it, make it less suitable for monitoring the system on a molecular level. 
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Scheme 2. Schematic representation of A) stepwise activation of a dichloride precatalyst and B) MAO 
activation leading to multiple products.
1.2.2. Polymerisation catalysis with bimpy complexes 
The discovery of Fe and Co polymerisation catalysts with bis(imine) pyridine 
ligands9 is considered as a major breakthrough in polymerisation chemistry for three 
main reasons;  
• the relatively low cost and environmental impact of the metals involved 
(especially iron). 
• the extremely high rates of polymerisation that rival those of metallocene 
catalysts. This again applies especially to the iron catalysts, which outperform 
their cobalt analogues by an order of magnitude. 
• the expected reduced oxophilicity that should facilitate the incorporation of 
functionalised monomers and thereby provide access to polymers with new 
macroscopic properties. 
Following these findings, polymerisation catalysis was also reported for MAO 
assisted bimpy complexes of Ti,10 V11 and Cr.12,13,14 The activities are highest for the 
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Cr, Fe and Co catalysts, and these can rival the activities known for commercial early 
transition metal systems. As a general characteristic, all systems bear aryl groups at 
their imine nitrogens. For the bimpy complexes, the main tool for controlling 
molecular weight of the polymer produced is the nature and number of ortho 
substituents on these imine aryl groups (R’). This is quite similar to the earlier 
discovered and widely studied Ni and Pd α-diimine catalysts.15 In general, the 
presence of substituents in both ortho positions on each aryl group results in the 
formation of polyethylene (PE), the molecular weight of which is higher for larger 
substituents. If only one ortho substituent is present at each imine aryl group, the 
catalyst selectively oligomerises ethylene to a Schultz-Flory distribution of α-
olefins.16 For both polymerisation and oligomerisation, these ortho substituents can 
also be halogens.17 In the absence of any ortho substituents, the catalyst mainly 
produces butene and also deactivates quickly through formation of bis(ligand) 
complexes. Fe catalysts bearing substituents on both ortho positions of one imine aryl 
group and none on the other one are also potent oligomerisation catalysts,18 as are Fe 
and Co catalysts in which one of the imine nitrogens bears a cyclohexyl or aryl-
substituted alkyl group.19 Furthermore, Fe-NNO (Figure 4A) catalysts with a ketone 
group instead of the second imine are claimed to be active in oligo-20 and 
polymerisation21, depending on the aryl substitution pattern. The Co catalyst family in 
which the second imine group is replaced by a thiophene unit (Figure 4B) does not 
show direct signs of Co-S interaction but is nevertheless active in polymerisation, in 
contrast to analogues carrying a phenyl or furan group in that particular position.22 
Unique in this spectrum are the C1-symmetric precursors of Figure 4C, which 
apparently produce both polyethylene and α-olefins.23 
N
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R1
R2
N
N
N Fe Cl
Cl
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N Fe Cl
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NCo
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Figure 4: Catalysts active in oligo- and polymerisation that do not apply to the general rules.
Another position that allows some modification is the substituent at the imine 
carbons. Apart from the hydrogen and methyl substituted catalysts in the original 
publications,9 this carbon can also be phenyl substituted.14 Heteroatomic substitutions 
give rise to low activity,24 unless shielded by steric bulk.25 Other small changes in the 
framework of the ligand usually result in much lower activities or lower molecular 
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weight of the polymer;26 larger changes give virtually inactive compounds and/or 
problems with complex formation.27. 
In contrast to the Ni and Pd diimine systems, the bimpy catalysts do not live 
up to the high expectations concerning their reduced oxophilicity. The presence of 
methyl methacrylate (MMA) or styrene is reported not to inhibit polymerisation, but 
also does not lead to comonomer incorporation. Methyl acrylate (MA) or 2-vinyl-1,3-
dioxolane (VDO) are not incorporated and significantly reduce catalyst activity, while 
vinyl acetate, acrolein and acrylonitrile completely deactivate the catalyst.28 For the 
cobalt catalysts it was shown that they are able to polymerise 2-aryl-1-
methylenecyclopropanes, even if the aryl group bears a polar substituent (p-OMe, p-
Cl). Moreover, these monomers can be copolymerised with ethylene in a nearly 
perfectly alternating manner (see Scheme 3).29 
Ar
Ar
*
*
Ar
n
*
Ar
*
n
LbdipCoCl2 + MMAO
+
 
Scheme 3. Polymerisation and copolymerisation with ethylene of 2-aryl-1-methylenecyclopropanes 
(Ar= C6H5, C6H4OMe-4 or C6H4Cl-4).29
The bis(imine) pyridine complexes do not seem to be particularly well-suited 
for the (co-)polymerisation of higher olefins. Still, moderate activities are found for 
polymerisation of propylene (Fe catalyst, MAO activation), with fairly high 
regioregularity due to chain-end control.30 Activation with Ph3C[B(C6F5)4] and the 
presence of an aluminium alkyl scavenger was claimed to aid propylene 
polymerisation.31 
In general, higher olefins are mainly dimerised, with Fe catalysts producing 
mainly linear dimers (up to 80%),32 and Co catalysts showing a lower activity and 
producing almost exclusively dimers (>97%).33 Fluorinated substituents on the aryl 
rings can increase the activity.17c More recently, a bimpy complex of V was described 
that has a preference for producing branched dimers of 1-butene.34 
A common disadvantage of the new catalysts is that they, like metallocenes, 
need to be activated with large quantities of MAO. Controlled activation has until 
very recently proven impossible due to the apparent difficulties in obtaining dialkyl 
species. As a consequence, the search for the ‘real’ active species is an ongoing one. 
Besides polymerisation, metal bimpy complexes of Fe, Co and Rh have been 
reported to be active in olefin hydrogenation35,36 (bimpy Co and Rh hydrogenation 
catalysis will be discussed in chapter 3).  
Low cyclohexene epoxidation activity has been reported for Ru bimpy,37 while 
homologation of aromatic aldehydes is catalysed by bimpy RhI complexes.38 
Furthermore, some interesting stochiometric reactions are known for bimpy Rh 
complexes, including oxidative addition of the C-Cl bond of several alkylchloride 
compounds,39,40 a metathesis reaction with NaOPh41 and reactions with oxygen and 
water.42 Finally, LbdmpIrMe reacts with benzene to give LbdmpIrPh.43 
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1.3. Ligand non-innocence 
Ligands can be divided into two classes:  
(1)  ancillary (or spectator) ligands, which are present in a transition metal 
complex but are neither lost nor altered during the reactions of the complex. They can 
still play an important role in the chemistry of their complexes, but in a relatively 
passive way; e.g. by means of their steric bulk or donor strength. An example of an 
ancillary ligand is the ansa-bis(indenyl) ligand used in metallocene polymerisation 
(Scheme 4): it directs the stereochemistry of polymerisation. 
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Scheme 4. During activation and propagation, the bis(indenyl) ligand remains unaltered, making it a 
spectator ligand. Still, its steric bulk steers the reaction by orienting the growing polymer chain such 
that the monomer can only insert in one configuration, leading to formation of highly isotactic 
polypropylene.
(2)  non-innocent ligands, which actively participate in the chemistry of their 
complexes, electronically or chemically. Obviously, every ligand influences the metal 
to which it is bound to some extent. Still, even the large electronic influence of e.g. 
CO (π-acceptor) is usually not referred to as electronic non-innocence. Electronic 
non-innocence is a term which is reserved for cases in which discrete electrons are 
transferred to or from the ligand. A well-known example from nature is the porphyrin 
ligand in cytochrome P-450. In one step of the catalytic cycle, a full electron is 
donated from the heme group to the iron centre.44 The heme, which is normally a 
dianionic ligand, is oxidised to a radical mono-anion (see Figure 5A). A nice example 
of chemical non-innocence is found in Noyori transfer hydrogenation.45 In the key 
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step of alcohol oxidation, one hydrogen is transferred to the ruthenium centre, while 
the other one is transferred to a ligand amide nitrogen (Figure 5B). 
ORu
N Ph
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R(Ar)CH
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N Ph
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R(Ar)C
O
ORu
N Ph
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R(Ar)C
O
Fe
N N
N N
O
O
S
Fe
N N
N N
O
S
H H
H
III 2H+,e-
-H2O
IV
-.
2- 1-
A)
B)
Figure 5. Non innocence: A) Electronic: The ligand donates an electron to the Fe centre, and is thus 
oxidised. B) Chemical: in addition to the hydrogen that is transferred to the Ru centre, a second 
hydrogen is transferred simultaneously to the ligand.
1.4 Non-innocence of the bimpy ligand 
The bimpy ligand has two low-lying, extended π* orbitals, and would thus be 
expected to easily accept electrons (electronic non-innocence). In addition, the imine 
and pyridine fragments are susceptible to nucleophilic attack (chemical non-
innocence). For the related α-diimine ligands, both electronic and chemical non-
innocence are well documented.46 
1.4.1 Electronic non-innocence 
A first systematic study of the electronic non-innocence of bimpy ligands was 
published in 1998. Octahedral complexes of the first row transition metals Mn-Zn 
carrying two Lbmop ligands were studied. According to the results, Lbmop can bind in a 
neutral or in a one-electron-reduced radical anion fashion.47  
In a following report, these complexes were studied computationally. Since 
electron transfer from the metal t2g to the ligand π* orbitals is reflected in the 
elongation of ligand C-N bonds and shortening of the Cpy-Cimine bonds, these 
deformations can be used to quantify the number of electrons transferred, using zinc 
complexes as references. However, these parameters cannot be used to distinguish 
between the backdonation (A) and the biradical (B) model (see Figure 6). In fact the 
distinction between these alternatives is never absolute; every bond has some degree 
of biradical character. The two extremes can be described in MO terms as closed-shell 
and open-shell singlet configurations, respectively. Intermediate situations cannot be 
described by a single configuration and are best represented as a mixture of two 
configurations (C). It is concluded that the metal-ligand bonds for the investigated 
M(Lbmop)2 complexes correspond to such intermediate situations, in which up to ca 
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50% of the metal-to-ligand electron transfer is in the form of "unpaired electron 
density".48 
(A) backdonation (B) biradical
(C) intermediate
c1 c2+
t2g
t2g
t2g
t2g
π*
π*
π*
π*
 
Figure 6. Schematic representations of (A) backdonation, (B) biradical, and (C) intermediate 
situations. In (A), the arrows indicate the 3d→π* back-donation.48
In independently performed searches for the active species in olefin 
polymerisation (vide infra) both our own group and the group of Gibson encountered 
diamagnetic square planar CoI alkyl species carrying a bis(imine) pyridine ligand.49 
The monovalent oxidation state of Co is indicative of an unusual electronic 
configuration, because such species are extremely rare and usually require 
macrocyclic ligands for stabilisation.27e,50,51 Again, from the elongation of ligand C-N 
bonds and shortening of the Cpy-Cimine bonds, it is apparent that the ligand is 
electronically involved. In this case most of the metal-to-ligand electron transfer is in 
the form of "unpaired electron density" corresponding to the biradical model (B) of 
Figure 6. This implies that although the system can be viewed formally as CoI, it is 
actually a CoII system with a full electron in the π* orbital of the bimpy ligand. 
Chapter 2 presents an in-depth study of the electronic structure of these unusual cobalt 
complexes and compares them to their Rh and Ir counterparts.52 
Evidence that the bimpy π* orbitals can host more than one electron was 
found for LbdipVCl3. Upon reaction with reducing agent NaH, a new compound is 
formed with a N2 molecule bridged between to LbdipV centres (see Figure 7). The 
structure is best regarded as containing two V(III) atoms, bridged by a N22- unit and 
each bearing a ligand dianion, implying the presence of two electrons in a π* orbital 
of each bimpy.53 
If VCl3·THF3 is reacted with specially prepared dianionic {Lbdip-2H} (vide 
infra), {Lbdip-2H}VCl·THF is formed. Reduction with K again leads to a product with 
two subunits linked by a bridging N2 molecule. In this case however, the ligand is 
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dianionic due to double deprotonation, instead of metal-to-ligand electron transfer. 
This demonstrates that although electronic and chemical non-innocence might differ 
in appearance, their resulting effects can be quite similar (Figure 7).53 
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Figure 7. Formation of N2-bridged dimers with two different dianionic ligand backbones.53
Reaction of the free Lbdip ligand with the strong reducing agents Li or 
Li(naphtalenide) shows that even trianions are possible. Species A in Figure 8 has a 
completely intact ligand backbone, which has accepted three electrons in its two π*-
orbitals.54 The other complex formed in this reaction is also trianionic (B in Figure 8), 
but in this case one of the negative charges is due to deprotonation of an imine methyl 
group. 
N
N NAr Ar
N
N NAr ArLi
THF LiLi THFTHF
N
N CH2
N
Ar
Ar
Li
THF THF
Li
THF
Li
THF
Li Li(naphtalenide)
-"H"
(A) (B)
Lbdip
Δ
 
Figure 8. Two trianions formed on reduction of Lbdip with a strong reducing agents.54
1.4.2 Chemical non-innocence 
The observations of chemical non-innocence for the bimpy ligand can be 
divided in three different categories: 
(1) alkyl transfer to the ligand backbone. Transfers to the imine carbon, the 
pyridine ring carbons 2, 3 and 4, and the pyridine nitrogen have all been 
observed. 
(2) proton abstraction from the imine methyl group. 
(3) dimerisation of products formed in the above reactions. 
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The type of reaction that occurs is very sensitive to the nature of the 
organometallic reagent(s) employed. With main-group metals, the following 
reactions have been reported: 
Li: In 2002, independent reports by Gibson and Gambarotta described 
methylation of the pyridine nitrogen by MeLi.55 Gambarotta showed this to be 
reversible for Lbdip; reaction of the methyl N-adduct {Lbdip + Me(N)}Li with the mild 
electrophile iPrBr gives back Lbdip. Gibson also observed methyl attack of the pyridine 
nitrogen in the reaction with MeLi for Lbdmp, Lbdep, Lbdip and a modified version of 
Lbmes, of which the imine CH3’s are replaced by CD3’s. In a more extensive study, 
Gibson reported that the ratio of N-alkylation versus deprotonation/dedeuteration was 
very dependent upon the imine methyl nature (CH3 → 1:5, CD3 → 2:1 respectively) 
but not on the bulk on the aryl substituent.56 The deprotonated species is 
thermodynamically favoured since it is formed upon warming the N-alkylated species. 
For the bigger alkyl lithium LiCH2SiMe3, exclusively deprotonation occurs in 
reaction with Lbdip, and this reaction can be used to deliberately prepare the {Lbdip-H} 
or {Lbdip-2H} versions of the ligand,57,58 (this can also be achieved with LDA55b). 
Mg: Reactions of the Mg alkyls Me2Mg, Et2Mg and iPr2Mg with several 
bimpy ligands all show pyridine N-alkylation. The {Lbdip+Et(N)}MgEt and 
{Lbdip+iPr(N)}MgiPr products are shown to isomerise to the corresponding 2-adducts 
(<10%). In the reaction between MgMe2 and bimpy, some paramagnetic product is 
observed as well.56 
Zn: Me2Zn was described not to show any reaction with bimpy ligands. In our 
own research we have seen reversible complexation, but indeed no ligand attack. For 
Et2Zn, the same type of reaction is reported as with the Mg alkyls. 
Al: Me3Al was the first metal alkyl reported to alkylate a bimpy ligand. One of 
the methyl groups of Me3Al is transferred to the imine carbon of the bimpy ligands 
ALbdip, ALbmes and Lbdip (see Figure 9).59 A similar observation has been made for one 
of the ethyl groups of Et2AlCl in the reaction with Lbdip.60 
Ar
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N N
Ar
R R
Ar
N
N N
Ar
R
R
Al
Me3Al
R = Me, H
-
 
Figure 9. Me3Al methylates the imine carbon, as observed by Gibson et al..59
We have studied the reaction between Lbdip and a range of Al alkyls and alkyl 
chlorides in considerable detail; besides formation of the imine adduct, we have seen 
formation of pyridine ring adducts (C2 and C4), a paramagnetic product, and 
formation of a Py C3,5 doubly C-C coupled dimer. Full details will be given in 
chapters 4 (experimental) and 7 (mechanistic). 
 
Reactions with transition metals are often more complex. In general, the 
ligand is first coordinated to a transition metal halide, and the resulting complex is 
then treated with a main-group-metal alkyl. This can result in alkylation at metal 
and/or ligand, as well as reduction of the metal. The following reactions have been 
reported: 
Ti: Formation of 2-adduct {Lbphe+Me(2)}TiCl3 is described in the reaction 
between [LbpheTiCl3]+[Cl]- and 2 equivalents of MAO at 90 ºC.10 
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V: In 1999, Gambarotta already observed a similar methylation of the pyridine 
C2 position on reaction of LbdipVCl3 with either MeLi or MAO, yielding 
{Lbdip+Me(2)}VCl2. After addition of three equiv. of MeLi, two new complexes could 
be isolated. Normal workup yielded LbdipVMe2, indicating that the observed alkylation 
of the pyridine ring is reversible. Workup after addition of TMEDA gave 
{Lbdip+2Me(2,3)})VMe2, in which also the 3-position of the pyridine ring is 
methylated (see Figure 10). To date, this is the only observation of alkylation at the 
pyridine 3-position.11 
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Figure 10. Alkylation of the pyridine ring of LbdipVCl3.11
Cr: In the reaction between LbdipCrCl3 and 3 equiv. of BzMgCl a product is 
formed of which the X-ray structure is shown in Figure 11. Formation of this product 
can be explained by reduction of the metal, alkylation at Cr and pyridine C4, and 
finally dimerisation through double C-C coupling (Figure 12).13 
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Figure 11. X-ray structure of the doubly C-C coupled dimer formed in the reaction between LbdipCrCl3
and BzMgCl (hydrogens and isopropyl groups are omitted for clarity).13
Ar
N
N N
Ar
Cr
ClCl
Cl Ar
N
N N
Ar
Cr
N
N
N N
N
NCr
Cr
Ar
Ar
Ar
Ar
-
3 BzMgCl
Bz
Bz
Bz
Bz
Bz
Bz
 
Figure 12. Reaction sequence leading to formation of the dimer.
Mn: A doubly deprotonated monalkyl complex [{Lbdip-2H}MnIIR]- is formed 
in the reaction between LbdipMnCl2 and LiCH2SiMe3 (RLi).13,61 A side product of this 
reaction could also be crystallised, and X-ray diffraction revealed the structure shown 
in Figure 13. In addition, a "simple" monovalent alkyl could be prepared. 
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Figure 13. X-ray structure of the bis(imine) pyridine dimer formed by C-C coupling of the former 
imine methyl groups (hydrogens and isopropyl groups are omitted for clarity).13
The formation of these products can be explained as follows (see Figure 14). 
One equivalent of RLi is used to alkylate the metal. A second equivalent can either 
reduce the metal, leading to stable LbdipMnR, or deprotonate the ligand giving 
{Lbdip-H}MnR. This is not stable, and either reacts with excess RLi to give the doubly 
deprotonated product or dimerises to the above-mentioned side product. Note that this 
dimerisation results in formal reduction of the metal centre and restores the original 
imine functions. 
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Figure 14. The pathways leading to different products in the reaction between LbdipMnCl2 and 
LiCH2SiMe3.61
Fe: For Fe, imine and C2 adducts have also been observed. Addition at low 
temperature of 2 equivalents of LiCH2SiMe3 (RLi) to in situ prepared LbdipFeCl2 leads 
to formation of LbdipFeR2, 2-adduct {Lbdip+R(2)}FeR and a variable amount of imine 
adduct {Lbdip+R(i)}FeR. Warming the imine adduct to room temperature in ether 
converts it into the dialkyl complex again. When instead of the in situ prepared Fe 
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precursor analytically pure LbdipFeCl2 starting material is used, similar products as in 
the Mn case described above are obtained. Apart from LbdipFeR2, some doubly 
deprotonated {Lbdip-2H}Fe·LiCl·3THF was obtained, as well as crystals of a singly C-
C coupled dimer. If a mixture of 2 RLi and {Lbdip-H}Li are added to FeCl2 a mono-
anionic compound [{Lbdip-2H}FeR]- is formed (the structures of the compounds 
mentioned are shown in the next section, Figure 21).62 
Co: When CoCl2 is reacted with the doubly deprotonated ligand, a dimer is 
formed which still contains one deprotonated imine methyl group in each subunit. If 
the reaction is carried out under N2, N2 is attached to the Co centres; if the reaction is 
carried out under Ar, neutral LiCl·3THF remains attached which can be displaced by 
N2 (Figure 15).63 
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Figure 15. Coupling of two doubly deprotonated LbdipCo subunits.
Rh: We have observed a solvent-dependent ligand attack in the reaction 
between LbdipRhCl and Et2Zn. If the reaction is carried out in benzene or toluene a 
hydride is added to the pyridine C4 position, forming {Lbdip+H(4)}RhX, in which we 
could not identify the ligand X. The most likely path to this complex is the initial 
formation of LbdipRhEt followed by β-hydrogen elimination and hydride transfer to 
the ligand. If the reaction is carried out in cyclohexane, the ligand is deprotonated, 
forming {Lbdip-H}Rh(C2H4) (Figure 16).64 
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Figure 16. Solvent dependence in the reaction between LbdipRhCl and Et2Zn.
Lanthanides: doubly deprotonated {Lbdip-2H}Ln(THF)(μ-Cl)2[Li(THF)2] 
complexes of Nd and La could be prepared by reacting the trichloride precursors with 
the doubly deprotonated dianionic ligand. Reducing these complexes with 
K(naphtalenide) produced C-C bridged dimers with both Lbdip fragments being 
trianionic (Figure 17).57,58 
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Figure 17. Coupling of two {Lbdip-2H}LnCl subunits.
1.5. Generation of active polymerisation catalysts 
Following the recognition of the potential of bis(imine) pyridine complexes, 
an extensive search for the active species in this catalysis was initiated. The similarity 
to metallocenes (MAO activation of dichloride precursors) hints in the direction of a 
metallocene-like insertion mechanism involving a cationic mono-alkyl active species, 
and this has simply been assumed by many authors. In the following section, the 
efforts to reveal the mechanism will be reviewed per metal. 
V: As mentioned in the previous section, reaction of LbdipVCl3 with MAO 
yields the imine methyl adduct {Lbdip+Me(2)}VCl2. With the addition of more MAO, 
both this imine adduct and the starting complex can be activated for ethylene 
polymerisation. The role of this addition reaction in catalysis is not clear as yet. Since 
the addition reaction was shown to be reversible under specific circumstances, it 
might well be that it is not important to the polymerisation process. 
Fe: The system is difficult to study because of the paramagnetic character of 
most of the products involved. Studying bimpy complexes of the heavier congener Ru 
as a model could be a route to circumvent this problem. The divalent cationic 
LbdipRuMe(C2H4)+ has been synthesised, but is not active in the polymerisation of 
ethylene. 65 
Theoretical studies support a metallocene-like mechanism, although some 
uncertainty remains about the spin states of the active species.66 While Ziegler placed 
both propagation and termination in the singlet ground state using a BP86 
functional,66a the B3LYP functional used by Morokuma seems to favour the higher 
spin states (triplet and quintet).66b  
The first experimental studies on the iron system show the apparent struggle 
on obtaining stable bimpy alkyl complexes and on the paramagnetic nature of the 
products. Hard to interpret Mössbauer, EPR, 1H- and 2H NMR data tempted groups to 
propose neutral FeII,67 cationic FeIII,68 or cationic FeII 69 as the active component in 
catalysis. Moreover, the role of free Me3Al (always present in commercial MAO) is a 
complicated one. Activation with modified MAO nearly free of Me3Al is reported to 
lead to polymerisation rates twice as high as with commercial MAO. Paradoxally, 
pure Me3Al is as effective a cocatalyst as this modified MAO.69 
A recent NMR study indicates formation of two discrete species on reaction of 
LbdmpFeCl2 with MAO.70 About 100 equivalents of MAO are needed for formation of 
the first compound, which is believed to be [LbdmpFeII(μ-Cl)(μ-Me)AlMe2]+[Me-
MAO]- (Figure 18, X = Cl). After addition of more MAO (>500 equiv.) this is fully 
converted into a second species, believed to be [LbdmpFeII(μ-Me)2AlMe2]+[Me-MAO]- 
(Figure 18, X = Me). With this in mind, is interesting to note that the group of Gibson 
reported the molecular weight distribution of polymer produced by LbdipFeCl2 + MAO 
to be mono-modal at a [Al]:[Fe] ratio of 250:1, and bimodal at a [Al]:[Fe] ratio > 
500:1.9c 
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Figure 18. Bridged alkyl and chloride species generated in the reaction between the iron precatalyst 
and MAO.70
Reduction of the Fe dichloride precursor with Na(Hg) produced a formally 
zerovalent LbdipFe(N2)2 product. However, similar to our own finding that LbdipCoI 
species are better regarded as CoII, computational and spectroscopic results imply that 
these species are better regarded as FeI antiferromagnetically coupled to a radical 
anion. Furthermore, the dinitrogen ligands are labile and can easily be displaced by a 
number of other ligands (see Figure 19), although no real iron-alkyl complexes are 
formed in this way.71 
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Figure 19. Synthesis of LbdipFe(N2)2 and following reactions. Compounds marked with * are 
structurally characterised.71 
Very recently, the route to Fe bimpy alkyls has finally been opened, thanks to 
the efforts of three different groups. First, the group of Chirik reported that reducing 
LbdipFeCl2 with NaBEt3H or with Na(Hg) for a shorter reaction time than above 
produces the reduced LbdipFeCl. This compound can be alkylated by MeLi forming 
LbdipFeMe. Reacting the dichloride precursor with 2 equivalents of MeLi leads 
directly to LbdipFeMe. This is in contrast to the reaction of the dichloride precursor 
with two equivalents of LiCH2SiMe3 (RLi), which leads to formation of the iron 
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dialkyl species LbdipFeR2. Surprisingly, reacting LbdipFeCl2 first with one equivalent of 
RLi produces the reduced LbdipFeCl, which cannot be alkylated by a second 
equivalent of RLi (see Figure 20). For the less sterically crowded Lbdep, LbdepFeR can 
be synthesised, implying a large role for the bulk in determining the choice between 
these particular reactions.72 
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Figure 20. Formation of mono- and dialkyl bimpy Fe species.
The group of Gambarotta reported formation of several bimpy Fe alkyl species 
(vide supra, section 1.4).62 Except for the imine adduct which was not tested, all 
complexes noted (see Figure 21) are active catalysts in combination with MAO. 
Complexes A and B form polyethylene (PE) with a reasonably narrow distribution of 
low molecular weights and a small amount of broadly dispersed PE with a very high 
molecular weight, comparable to the original dichloride precursor. Monovalent 
complex E only produces the broadly dispersed high-MW PE, while complexes C and 
D show intermediate behaviour. The activity of C and D is about twice as high as the 
other precursors. 
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Figure 21. Five different precatalysts, which are all active in ethylene polymerisation when activated 
with MAO.62
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The group of Campora used a different approach. Reaction of FeCl2Py4 with 
the appropriate Grignard reagent generates Py2FeR2. Ligand displacement with a 
bimpy ligand then produces the desired complex LbmesFeR2.73 
With precursor LbdipFeR2 in hands, the next step is obviously to produce the divalent 
cation. Chirik reported74 that if [PhMe2NH][BPh4] is used, crystalline samples 
suitable for X-ray diffraction of the divalent cationic Fe-alkyl species can only be 
obtained in presence of neutral donors such as THF and Et2O. According to the X-ray 
structures, these ligands coordinate to the iron in the basal plane, pushing the alkyl 
group to the apical site. Activation of the dialkyl species with neutral B(C6F5)3, 
however, resulted in a structurally characterised square planar mono-alkyl cation. 
Interestingly, this was not the expected [LbdipFeR]+[RB(C6F5)3]- but 
[LbdipFeCH2SiMe2CH2SiMe3]+[MeB(C6F5)3]-, formed via methide abstraction and 
rearrangement (Figure 22). 
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Figure 22. Formation of mono- and dialkyl bimpy Fe species.74
Reaction of these cations with ethylene does not produce polyethylene in the 
case of the THF complex, and shows only moderate polymerisation activity with the 
Et2O complex. This suggests that the donors hamper the polymerisation and must 
dissociate from the complex to form the active species. Reacting base-free 
[LbdipFeCH2SiMe2CH2SiMe3][MeB(C6F5)3] with ethylene lead to polymerisation 
activity approaching that of the MAO-activated catalyst, providing the first direct 
support for an iron(II) alkyl cation as the active species in the Brookhart/Gibson Fe 
polymerisation. 
Investigation of the activation of the dichloride precursor LbdipFeCl2 with 
MAO by means of ESI-MS, shows formation of a cationic [LbdipFeMe]+. In addition 
[LbdipFeCl]+ can be detected at low MAO/Fe rates, as well as [LbdipFeCH2AlMe2]+ and 
[LbdipFeH]+.75 
Co: For Co, the active species for polymerisation is still under considerable 
debate. The theoretical studies are not as clear as for Fe,66 the predominant 
termination pathway could not be unambiguously assigned, and the calculated olefin-
complexation barrier was found to be rather high.76 Also, a heavier congener model 
compound was synthesised, but the trivalent [LbdipRhMe(C2H4)]2+ is not active for 
ethylene polymerisation.65 
Reduction seems to play a prominent role for Co. LbdipCoCl2 is reduced to 
LbdipCoCl upon reaction with Me3Al69a or MeLi.49a In turn, this reduced complex can 
be alkylated to several Co mono-alkyl species, including LbdipCoMe. All these 
reduced species are still active catalysts for ethylene polymerisation upon activation 
by MAO. The polyethylene formed by these new precursors and the original 
LbdipCoCl2 is identical. Moreover, adding 2 and 4 equivalents of MAO to LbdipCoCl2 
leads to formation of LbdipCoCl and LbdipCoMe respectively. Obviously, these reduced 
complexes are species en route to the active one.49a  
A strong Lewis acid (B(C6F5)3) can abstract the Me group of LbdipCoMe 
producing a "bare" cationic Co complex, to which – under a nitrogen atmosphere - a 
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nitrogen molecule coordinates (structurally characterised). Upon the addition of 
ethylene, this nitrogen molecule is displaced by ethylene as can be seen by 1H NMR. 
This ethylene adduct appears to be the immediate precursor to the active species.49b,77 
Studies using LbdipCoCD3 activated by B(C6F5)3 or LbdipCoCl2 activated by 
perdeuterated MAO suggest that nucleophilic attack of methyl groups of the weakly 
coordinating anions [CD3B(C6F5)3] and [Me-MAO] is needed in the activation 
pathway, since deuterated chain ends were found.77 The observation that LbdipCoCl 
activated by Li[B(C6F5)4] can also polymerise ethylene seems to suggest the opposite, 
since no methyls are present in the precatalyst nor in the activator in this case.78 
However, the activity observed for this system is relatively low, which leaves room 
for the possibility that in this particular case a different activation mechanism is 
operating, which has little net contribution to the activity of the original catalyst 
system. 
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Figure 23. Access to reduced cobalt species and activation pathway.49,77 
A CoI mono methyl species can also be obtained for the bimpy ligand with 
methoxy groups attached to the imine carbons. If B(C6F5)3 is added to this compound, 
the Co-bound methyl is abstracted, and a cation is formed where one Co imine linkage 
is cleaved, but the aryl group attached to this nitrogen is η6-coordinated to the Co 
centre instead. This species is not active for polymerisation. If, instead of B(C6F5)3, 
Li[B(C6F5)4] is used as activator, an active species is formed.24 
The apparent significance of reducing the cobalt systems for polymerisation 
activity urged several groups to create related ligands that would provide similar 
stabilisation to low oxidation states. Although the pyridine dicarbene ligand frame by 
Danopoulos was shown to stabilise a CoI mono alkyl (see Figure 24), this compound 
proved inactive in polymerisation.27e Similar results were obtained by Gibson, who 
studied the iron complexes of this ligand.27f 
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Figure 24. The dicarbene pyridine ligand frame also provides access to rare CoI alkyl species.27e
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As for Fe, Talsi concludes for the MAO-activated pathway that either a low 
amount or a high amount of Me3Al in the MAO (or pure Me3Al) is beneficial for the 
polymerisation, while intermediate amounts are not.69  
1.6. Scope of this thesis 
The apparent tangle of compounds and interjoining pathways described in 
sections 1.4 and 1.5 is indicative of the complex behaviour observed for bimpy 
ligands. At the same time, however, it is unique in the sense that it gives rise to potent 
polymerisation catalysis with a range of first-row transition metals including the late 
transition metals Fe and Co. The underlying mechanisms are not as straightforward or 
well-understood as those for e.g. metallocenes or octahedral catalysts. In our search 
for a better understanding of these catalyst systems, and the continuous drive to 
improve and renew them, we want to know if there is a link between this complex 
non-innocent behaviour on the one side, and the rich catalysis on the other side. 
In chapter 2, an in-depth study of the electronic structures of CoI bimpy 
complexes is described. These compounds are formed in the reaction between the 
CoCl2 precatalyst and various alkylating agents. The Co compounds are compared to 
their Rh and Ir counterparts; electronic non-innocence is shown to be much more 
important for Co. 
In chapter 3, the Co compounds are tested in olefin hydrogenation. The 
importance of the bimpy ligands in stabilising the formal monovalent oxidation state 
of Co is emphasised, because this potentially opens the gate to the rich field of Rh-
like catalysis for the cheaper and more environmentally friendly Co. 
In chapter 4, the large variety of alkyl transfer products arising from the 
reaction between a bimpy ligand and a range of Al alkyls is described. A cyclisation 
reaction between two bimpy units involving the formation of two new C-C bonds is 
presented. 
In chapter 5, the reactions between the bimpy ligand and other main-group 
alkyl compounds are studied. Mg and Zn alkyls show different behaviour than the Al 
alkyls of chapter 4. The main difference is the observed alkylation of the pyridine 
nitrogen for these metals. 
In chapter 6, a similar set of reactions is executed with the mono(imine) 
pyridine (mimpy) ligand, in order to test the importance of the second imine group of 
the bimpy ligand. The reactions are far less complicated than for bimpy, and non-
innocence is limited to alkylation of the imine carbon and deprotonation. 
In chapter 7, computational results and the experimental observations of 
chapter 4-6 are used to explain the bimpy reactivity. Both intramolecular and 
intermolecular (ionic or radical-based) pathways are discussed. 
Chapter 8 discusses the relation between between bimpy non-innocence and 
catalysis. 
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2.1 Introduction 
As noted in the general introduction, both our own group and the group of 
Gibson discovered bis(imine) pyridine CoI species in the search for the active species 
in polymerisation.2 These CoI species drew our attention for two main reasons. (1) 
Diamagnetic square-planar d8 complexes of CoI are rare.3,4 (2) These complexes were 
reported to have unusual 1H NMR shifts for the pyridine H4 and imine methyl groups, 
in contrast to the analogous RhI and IrI species.5,6 
The first observation is of great interest because the resemblance to its heavier 
congener RhI might be accompanied by a rich catalytic chemistry similar to that of 
Rh. In the next chapter we will see that Rh-like catalysis is indeed possible for these 
species. The unusual shifts might reflect an unusual electronic structure of the CoI 
complexes. This is supported by experimental7 and theoretical8 studies of 
bis{bis(imine) pyridine} complexes of first-row transition metals Mn-Zn, that have 
revealed the electronically non-innocent character of the ligand and the importance of 
biradical character in the metal-ligand interaction. The electronic involvement of the 
bis(imine) pyridine ligands might stabilise low-spin CoI relative to higher oxidation 
states or high-spin states. 
In this chapter we have prepared a few additional Co and Rh complexes and 
undertaken a theoretical investigation of these species. We have seen that indeed the 
bonding in the CoI species shows several unexpected features, and that the biradical 
character can be even more pronounced in mono(ligand) complexes of cobalt than in 
the bis[bis(imine) pyridine] metal complexes studied earlier.7,8 
2.2 Results and discussion 
Synthesis and characterisation 
2,6-Diacetylpyridine, anilines and amines are commercially available. 2,6-
Dibenzoylpyridine, is easily synthesised via Friedel-Craft acylation of benzene with 
pyridine-2,6-dicarboxylic acid dichloride.9 The bis(imine) pyridine ligands are 
prepared from the condensation of two equivalents of the appropriate aniline or amine 
with diacylpyridine. The cobalt dichloride complexes can be synthesised in air. The 
reduction and subsequent alkylation of the cobalt dichloride complexes
 
to monoalkyl 
complexes (e.g. LbCoCH2SiMe3) can be achieved in one step using two equivalents of 
LiCH2SiMe3 or in two steps via a cobalt monochloride complex as described earlier.2 
Alkyl complexes LbdipCoR having the bulky dip group react with hydrogen to form 
the hydride LbdipCoH. This compound is very reactive and cannot be isolated in pure 
form, so it was only characterised by NMR10. Complexes LbCoR bearing smaller 
substituents at the imine nitrogen (dmp, alkyl) also react with hydrogen, but after 
reaction no resonances due to Co complexes can be recognised in the spectra. 
Chlorides LbCoCl do not react with hydrogen. Rhodium complex LbdipRhCl can be 
easily converted into the desired alkyl complex by addition of alkyllithium. This 
demonstrates the importance of steric shielding of the metal: the analogous but more 
open complex LbdmpRhCl could only be converted into the alkyl via an elaborate 
indirect route.5 
Structures and lowest-energy states of bimpy CoR complexes 
For all cobalt complexes studied theoretically, the restricted DFT (B3LYP) 
solution is unstable. The unrestricted mS = 0 solution ("U0") is 10-20 kcal/mol lower 
in energy, depending on the ligand. At the restricted DFT (RDFT) level, optimised 
structures of hydrides and methyls are non-planar, having the hydride or methyl group 
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bent out of the coordination plane by a significant amount (typically around 20°). Re-
optimisation at the unrestricted DFT (UDFT) level, however, results in planar or near-
planar structures in all cases.11 
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Figure 1. Calculated and Observed bond lengths (Å) for LbdipCoR complexes: R = Cl2a (left) and 
CH2SiMe32b or Me (right).
In the optimised geometries, the Co-N (Table 1) and Co-Cl distances are 
systematically too large by about 0.04 Å, as is evident from a comparison with the X-
ray structures in Figure 1. The calculated Co-C distance appears to be about right, but 
this agreement is fortuitous, since the experimental value is for a CH2SiMe3 group 
while the calculated value is for a Me group, which should have a shorter Co-C 
distance.12 Thus, Co simply appears to be too large in the calculations. Distances 
within the ligand are reproduced satisfactorily. 
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Figure 2. Chosen coordinate system. 
The U0 wavefunctions have Ŝ2 values of 0.80-1.05. They have one "pair" of 
occupied α and β orbitals corresponding to bonding and antibonding combinations of 
the metal 3dxz and ligand π* orbitals, respectively (Figure 3; see Figure 2 for choice of 
coordinate system). The remaining orbitals are all fairly cleanly paired. This means 
that the U0 "states" are nearly 50:50 mixtures of singlet and triplet states, where the 
relevant triplet state corresponds to the 3dxz→π* excitation of a hypothetical true 
LbCoIR species. These triplets, indicated here by U1(xz), were also obtained 
separately from unrestricted mS = 1 calculations, and they have Ŝ2 values of 2.00-2.10, 
indicating little spin contamination. The true singlet energies were then estimated 
from the energies ε0, ε1 of the unrestricted solutions U0, U1(xz) and their Ŝ2 values by 
extrapolating the presumed linear relation between energy and Ŝ2 to Ŝ2 = 0:13,14 
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ε  (Equation 1) 
The singlet-triplet separation calculated from this varies between 9 and 13 
kcal/mol. These results show that the singlet ground state is best described as a 
square-planar low-spin CoIIR fragment (3dxz singly occupied) antiferromagnetically 
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coupled to a ligand radical anion. In this respect, these complexes are more extreme 
than the complexes Lb2Co+ considered in earlier work,8 where only about one half of 
the 3d→π* transfer of electron density was in the form of unpaired electron density, 
the remainder being "classical" backdonation. Related to this, complexes LbMnR were 
shown to contain a ligand radical anion antiferromagnetically coupled to a high-spin 
MnII centre.15 If the ligand is simply considered as a uni-negative ligand and its 
unpaired electron is ignored, complexes LbCoR can be seen as relatives of the (also 
square-planar) low-spin CoII amido complex N(SiMe2CH2PPh2)2CoBz.16 Thus, 
reduction of high-spin LbCoCl2 to low-spin LbCoCl 2 actually occurs at the ligand 
rather than at the metal, but is accompanied by a spin flip at the metal, possibly 
induced by the higher ligand field of the ligand radical anion. A related reduction-
induced spin flip was observed in Lb2Mn2+.7 
  
Figure 3. Singly occupied UDFT α and β orbitals of U0 solution for ALbcalCoH.
Interestingly, the U1(xz) triplet is not the lowest-lying triplet state. According 
to our calculations, the U1(z2) (3dz2→π*) triplet is the lowest one; this always lies 
about 3-5 kcal/mol below the U1(xz) triplet and hence about 4.5-9 kcal/mol above the 
singlet ground state. The geometries calculated for U0 and U1(z2) are very similar, 
typically differing less than 0.01 Å in bond lengths. The clearest exception is the 
Co-Nim bond, which can be up to 0.03 Å longer in the triplet state. 
Substituent effects on singlet-triplet separation in Co complexes 
In order to check whether the unusual bonding described above applies not 
only to simple models but also to "real" systems, we have studied a number of 
combinations of substituents. Table 1 shows the calculated geometries and singlet-
triplet gaps for all systems studied. All values have been calculated at the B3LYP 
SV(P) level. For the smallest model system Lbcal (R’ = H, R’’ = Me), we have also 
calculated energies with the TZVPP basis set. This resulted in somewhat smaller gaps, 
especially for the hydride. It is likely that basisset improvement would also lower the 
gaps for the other systems. However, such calculations were not feasible for the large 
systems studied here. 
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Table 1. Calculated bond lengths (Å) and singlet-triplet separations (kcal/mol) for LbMR complexes.
M R Ligand statea M-Npy M-Nim C-Nim Cpy-Cim ΔESTb 
Co H Lbcal s 1.881 1.894 1.328 1.452 7.3 (5.5) 
   t 1.891 1.922 1.326 1.454  
 Me  s 1.884 1.898 1.328 1.452 8.5 (7.6) 
   t 1.897 1.928 1.327 1.452  
 Cl  s 1.840 1.901 1.318 1.454 9.1 (8.7) 
   t 1.857 1.923 1.321 1.452  
Rh H  s 2.001 2.035 1.313 1.470 9.9 
   t 2.042 2.070 1.328 1.456  
 Me  s 1.990 2.040 1.314 1.467 12.6 
   t 2.038 2.073 1.329 1.456  
 Cl  s 1.927 2.032 1.310 1.464 18.7 
   t 1.973 2.060 1.324 1.452  
Ir H  s 2.005 2.027 1.322 1.462 17.2 
   t 2.054 2.063 1.336 1.453  
 Me  s 1.990 2.029 1.324 1.459 21.0 
   t 2.049 2.058 1.336 1.455  
 Cl  s 1.925 2.029 1.320 1.456 26.4 
   t 1.979 2.059 1.332 1.449  
Co H Lbhex s 1.867 1.931 1.328 1.455 5.7 
   t 1.876 1.948 1.330 1.454  
 Me  s 1.878 1.960 1.328 1.452 6.3 
   t 1.890 1.983 1.330 1.451  
 Cl  s 1.834 1.955 1.321 1.453 8.0 
   t 1.850 1.967 1.326 1.451  
 H Lbdip s 1.871 1.944 1.332 1.452 5.6 
   t 1.882 1.966 1.333 1.451  
 Me  s 1.881 1.965 1.332 1.450 7.2 
   t 1.892 1.990 1.333 1.449  
 Cl  s 1.836 1.972 1.323 1.451 8.4 
   t 1.852 1.984 1.329 1.448  
 H Lbpfp s 1.882 1.930 1.338 1.451 5.1 
   t 1.884 1.951 1.338 1.450  
 Me  s 1.892 1.949 1.339 1.448 6.4 
   t 1.896 1.977 1.338 1.447  
 H Lbdmp s 1.876 1.930 1.339 1.459 4.6 
   t 1.882 1.952 1.338 1.460  
 Me  s 1.890 1.961 1.338 1.456 6.1 
   t 1.894 1.989 1.337 1.456  
 H FLbdmp17 s 1.882 1.914 1.337 1.455 6.4 
   t 1.890 1.946 1.332 1.456  
 Me  s 1.898 1.945 1.336 1.451 8.3 
   t 1.902 1.982 1.331 1.452  
Co H  s 1.870 1.907 1.324 1.454 6.9 
(pyrazine) t 1.876 1.935 1.324 1.453  
 H  s 1.947 1.953 1.607 1.803 5.1 
(phosphinimine) t 1.967 1.963 1.611 1.801  
a
 s = U0 state for Co, RDFT singlet for Rh, Ir; t = U1(z2) triplet. b in kcal/mol, estimated from U0 and 
U1(xz) energies (see text); b3lyp-SV(P); for ALbcalCo: values calculated using the TZVPP basis at the 
b3lyp-SV(P) geometries given in parentheses. 
The most remarkable result is probably that the singlet-triplet gaps are so 
insensitive to changes in ligands. Interpreting the small changes we do see is not so 
easy, given that they correspond to an excitation from a 3dxz→π* singlet to a 
3dz2→π* triplet. Since, however, we find that the energy difference between the 
3dxz→π* and 3dz2→π* triplets is fairly constant, we need only discuss the 3dxz→π* 
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singlet to 3dxz→π* triplet gap. This gap, which in the wavefunction picture 
corresponds to an exchange integral, will be larger if the regions of high electron 
density of the relevant metal and ligand orbitals (mainly Co 3dxz and N 2pz) overlap 
more. Changes in any of the ligands are therefore expected to affect the gap in two 
different ways. Steric hindrance at nitrogen will weaken the Co-imine coordination 
and hence decrease the gap. However, electronic factors which strengthen the 
pyridine and/or imine coordination will increase the gap. 
We consistently see an increasing gap when changing R in the order H < Me < 
Cl, in steps of about 1 kcal/mol. This is presumably a direct electronic effect: in this 
order, the trans effect of the R group decreases and the Co-Npy distance decreases (by 
0.03-0.04 Å). 
Introducing bulky groups at nitrogen (Lbdip or Lbhex, compared to Lbcal) 
decreases the gap by about 2 kcal/mol. This is probably mostly a steric effect: the 
Co-Nim distance is 0.04-0.05Å longer for these N-substituted derivatives. Introducing 
instead the very electron-withdrawing C6F5 group at N has very little additional effect, 
decreasing the gap further by only 0.5 kcal/mol. Since the steric effects of C6F5 and 
dip should be similar here, it is clear that the electronic effect is rather small. 
Replacing the backbone (R’’) methyl groups by phenyls has a somewhat larger effect 
(about 1 kcal/mol for PLbdmp relative to Lbdip). This is most likely due to increased 
delocalisation of the ligand π* orbital. The effect is modest because the phenyls 
cannot become coplanar with the ligand skeleton for steric reasons. Surprisingly, 
replacing the backbone methyls by CF3 groups results in an increase of the gap by 
about 1 kcal/mol. At the same time, the Co-imine distance decreases by about 0.03 Å, 
indicating that the CF3 substituents strengthen the Co-imine coordination,18 which is 
consistent with the increased gap. 
Finally, we have considered two more exotic systems: bis(imine) pyrazine and 
bis(phosphinimine) pyridine. Complexes of the bis(imine) pyrazine ligand show a 
singlet-triplet gap that is marginally smaller than that calculated for the bis(imine) 
pyridine complexes. The Co-NPy distance is slightly smaller, the Co-imine distances 
are slightly larger, due to the replacement of C4 by the smaller nitrogen atom. It is 
remarkable that such a major change in π-acceptor character of the ligand has so little 
effect on the gap. Perhaps the reason is that the bis(imine) pyridine and bis(imine) 
pyrazine complexes are all completely biradicals, so the variation in ligand π-acceptor 
strength does not influence the electronic structure. 
N
N
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Figure 4. The phosphinimine ligands allow larger N-Co-N angles.
The bis(phosphinimine)pyridine system,19 too, is fully a biradical. For this 
ligand, we calculate a gap which is smaller by about 2 kcal/mol, i.e. as much as is 
attainable using substituent effects within the bis(imine) pyridine system. The most 
likely explanation is that here the NCoN angles are closer to their ideal value of 90° 
(see Figure 4). The exchange integral determining the gap is reduced because the N 
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2pz orbitals are now closer to a nodal plane of the 3dxz orbital. It looks like 
bis(phosphinimine)pyridines can be considered as a useful extension (in an electronic 
sense) of the bis(imine) pyridine ligands. 
Correlation with NMR results 
Table 2. 1H NMR data for bis(imine) pyridine complexes of CoI and RhI (C6D6, 20 °C).
Complex Pyridine Imine N-alkyl 
 H3,5 H4 CH3 CαH2 CβH2 CγH2 CδH2 
Lbdip 8.59 7.97 2.30     
LbdipCoCl 6.91 9.53 0.05     
LbdipCoCH2SiMe3 7.62 9.89 -0.85     
LbdipCoBz 7.68 10.27 -1.16     
LbdipCoMe 7.86 10.19 -1.15     
LbdipCoEt 7.99 10.25 -1.33     
LbdipCoH 7.60 10.80 -1.65     
LbdipRhCl 6.85 7.80 1.07     
LbdipRhCH2SiMe3 7.21 8.06 0.87     
LbdipRhMe 7.24 8.10 0.72     
LbdipRhBz 7.06 7.84 0.79     
LbdmpCoCH2SiMe3 7.71 10.06 -1.28     
PLbdmpCoCH2SiMe3  9.91 n/a     
LbhexCoCH2SiMe3 7.31 9.71 -0.16 5.19 2.22 1.55 1.23 
LbocdCoCH2SiMe3 7.31 9.71 -0.15 5.21 2.26 1.59  
 
Table 2 contains the observed 1H NMR chemical shifts for a number of LbMR 
complexes, some of which were only generated in situ. We concentrate on the data for 
Lbdip, but the other ligands behave similarly. NMR data for several CoI complexes had 
already been reported.2 Shifts for pyridine H3,5 are fairly normal. However, for Co 
the H4 resonance shows an abnormal low-field shift with increasing ligand field of 
the group R, from 9.53 ppm for LbdipCoCl to 10.80 ppm for LbdipCoH. Even the value 
for LbdipCoCl is already high, given that this resonance is found at 7.97 ppm for the 
free ligand and at 7.80 ppm for LbdipRhCl. Simultaneous with the low-field shift of the 
H4 resonance, the imine methyl group shifts from 2.30 ppm (free Lbdip) via 0.05 ppm 
(LbdipCoCl) to -1.65 ppm (LbdipCoH), while for Rh it never goes below +0.7 ppm. The 
magnitudes of these curious shifts are emphasised in Table 3, where for H3,5, H4 and 
imine Me the values for Co are given relative to the corresponding Rh values. 
Table 3 Estimated "anomalous" shifts Δδ = δ(LbdipCoX)-δ(LbdipRhX).
Complex Pyridine Imine 
 H3,5 H4 CH3 
LbdipCoCl -0.06 +1.73 -1.02 
LbdipCoCH2SiMe3 +0.41 +1.83 -1.72 
LbdipCoBz +0.62 +2.35 -2.12 
LbdipCoMe +0.62 +2.09 -1.87 
LbdipCoHa +0.36 +2.70 -2.37 
a) using LbdipRhMe as reference 
It is tempting to correlate these NMR shifts with the remarkable electronic 
structures of the LbCoR complexes. Biradical character of singlet LbCoR should not 
by itself result in anomalous NMR shifts. However, the calculated singlet-triplet gaps 
are so small that allowing for an error of only a few kcal/mol in them we could 
already have a sizeable thermal population of the triplet state; rapid spin-flip would 
then result in averaged shifts containing a contribution of the triplet-state 
paramagnetic shift. With an estimated Fermi contact term a of -1.5G for H4 20 and an 
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anomalous NMR shift of about 2 ppm, the fraction f of triplet population of 
LbdipCoMe calculated from eq (2) should be about 2%, corresponding to a singlet-
triplet gap of about 2 kcal/mol. 
 
kT
f
H
e
γ
γδ
4
2 ηa
≈Δ  Equation 2 
At present, we have no way of verifying this hypothesis. At room temperature, 
no triplet EPR signal is observed, but this would not be expected anyway because of 
rapid relaxation. At 4K, where normally a signal should be observable, the triplet 
population would be so small as to escape detection. Temperature-dependent 1H NMR 
studies are hampered by solubility and (especially for the more interesting alkyls) 
stability problems. 
The anomalous shifts increase with decreasing singlet-triplet gap, which 
agrees with the above hypothesis. However, the changes in observed shifts suggest 
that the triplet population changes only by a factor of ca 2 over the whole range of 
Cl…H, corresponding to a gap change of about 0.3 kcal/mol, smaller than our 
calculated change of about 2 kcal/mol. 
2.3 Conclusions 
LbCoIX complexes have a diamagnetic ground state with a square-planar 
coordination geometry. In contrast to their heavier RhI and IrI analogues, they are best 
regarded as containing low-spin CoII antiferromagnetically coupled to a ligand radical 
anion. The lowest-lying triplet state, corresponding to a 3dz2→π* excitation, lies only 
a few kcal/mol above the ground state. The singlet-triplet separation decreases with 
increasing ligand field strength of the group X at Co. We suggest that the anomalous 
1H NMR shifts observed for these Co complexes, but not for their Rh and Ir 
analogues, are due to thermal population of the triplet state at room temperature. The 
triplet state is so low in energy that it can certainly be involved in chemical reactions. 
Obviously, the availability of both a singlet biradical and a triplet state multiplies the 
number of reaction paths accessible to the complex. Whether this is relevant to 
polymerisation catalysis of  bimpy Co complexes remains to be established. However, 
the observation that electronic involvement of bis(imine) pyridine ligands can induce 
CoII to behave like CoI, is significant. 
2.4 Experimental Section 
General 
All manipulations were carried out under an atmosphere of argon using 
standard Schlenk techniques or in a conventional nitrogen-filled glovebox. Solvents 
were refluxed over an appropriate drying agent and distilled under nitrogen prior to 
use. NMR spectra were recorded on Varian and Bruker spectrometers at ambient 
temperature. Commercially available chemicals were used as received. The starting 
material 2,6-dibenzoylpyridine,9 the ligands Lbdmp and Lbdip 21 and the complexes 
LbdipRhICl,22 LbdipCoIICl2, LbdmpCoIICl2,21LbdipCoICl, LbdipCoICH3, LbdipCoIBz and 
LbdipCoICH2SiMe3 2b were synthesised according to literature procedures. 
Methods 
All calculations were carried out with the Turbomole program23 coupled to the 
PQS Baker optimizer.24 Geometries were fully optimised at the unrestricted ("singlet" 
or "triplet") B3LYP level 25 using the Turbomole SV(P) basisset on all atoms 
(pseudopotential basis on Co). For the smallest model system, improved final energies 
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were then obtained from single-point calculations using a TZVPP basis and a fine 
("m4") integration grid. Zero-point energy (ZPE) and thermal corrections were not 
included. Orbital plots were prepared using Molden.26 For triplet states of a minimal 
model system (ALbcalCoCl, ALbcalCoMe, ALbcalCoH) Fermi contact terms were 
estimated using the Gaussian-98 package,27 a LANL2DZ basis 28 for the metal atom, 
and the 6-31G* basis29 for the ligand atoms. 
Ligands 
PLbdmp: 1.50 g 2,6-dibenzoylpyridine (5.23 mmol) and 0.60 g dimethylaniline 
(4.96 mmol; 0.95 eq.) were dissolved in benzene (50 ml). After the addition of a small 
amount of camphorsulfonic acid, the solution was refluxed overnight, using a Dean-
Stark water trap. The solution was placed in the dark for a week on molecular sieves. 
Recrystallisation from hot methanol offered 0.30 g yellow needles, which according 
to GC analysis consisted of 82% of the desired product together with 18% 
monocondensated product. 
Lbhex: 1.00 g 2,6-diacetylpyridine (6.13 mmol ) and 1.245 g n-hexylamine 
(12.27 mmol, 2.0 eq.) were dissolved in benzene (50 ml). After the addition of a small 
amount of camphorsulfonic acid, the solution was refluxed overnight, using a Dean-
Stark water trap. The solvent was removed in vacuo, and 1.83 g (90.9%) of product 
was obtained as a yellow oil.  
1H NMR (200 MHz, CDCl3): δ 7.96 (d, 2H, 3JHH 7.7 Hz, Py H3,5), 7.59 (t, 
1H, 3JHH 7.7 Hz, Py H4), 3.42 (t, 4H, 3JHH 7.2 Hz, hex Hα), 2.29 (s, 6H, N=CMe), 
1.64 (quint, 4H, 3JHH 7.2 Hz, hex Hβ), 1.26 (m, 12H, hex Hγδε), 0.80 (t, 6H, 3JHH 7.2 
Hz, hex Hζ).  
13C NMR (75 MHz, CDCl3): δ 166.33 (N=C), 156.26 (Py Cα), 136.45 (Py 
Cγ), 120.85 (Py Cβ), 52.57 (hex Cα), 31.77, 30.81, 27.39, 22.65 (hex Cβ−ε), 14.05 
(hex Cζ), 13.61 (N=CMe). 
Lbocd: 1.00 g 2,6-diacetylpyridine (6.13 mmol ) and 3.30 g n-octadecylamine 
(12.26 mmol, 2 eq.) were dissolved in benzene (50 ml). After the addition of a small 
amount of acetic acid, the solution was refluxed overnight, using a Dean-Stark water 
trap. The solvent was removed in vacuo yielding a yellow oil, which solified upon 
cooling with ice. The yield was 3.88 g (95%). 1H NMR (200 MHz, CDCl3): δ 7.98 (d, 
2H, 3JHH 7.7 Hz, Py H3,5), 7.59 (t, 1H, 3JHH 7.7 Hz, Py H4), 3.43 (t, 4H, 3JHH 7.2 Hz, 
octadec Hα), 2.28 (s, 6H, N=CMe), 1.66 (quint, 4H, 3JHH 7.1 Hz, octadec Hβ), 1.25–
0.90 (m, 60H, octadec Hγ-ρ), 0.80 (t, 6H, 3JHH 6.8 Hz, octadec Hς). 13C NMR (50 
MHz, CDCl3): δ 167.0 (N=C), 156.9 (Py Cα), 137.1 (Py Cγ), 121.6 (Py Cβ), 53.3 
(octadec Cα), 32.6, 31.5, 30.4 (several), 30.1, 28.4, 23.3, 14.8 (octadec Cβ−ς), 14.3 
(N=CMe). 
Chloride complexes 
PLbdmpCoIICl2: 0.30 g of the mixture of mono and dicondensated 
dibenzoylpyridine (containing 499 μmol of pLbdmp) and 0.15 g CoCl2⋅6H2O (630 
mmol, 1.26 eq.) were dissolved in 10 ml THF. Almost immediately a colour change 
could be observed; a golden brown solid precipitated. After stirring for an additional 
hour at room temperature, this solid was filtered off, washed with THF (2×) and dried 
in vacuo. The yield was 0.195 g (63.8%).  
1H NMR (200 MHz, CD2Cl2): δ 108.80 (2H, Py H3,5), 37.45 (1H, Py H4), 
6.04, 5.74, -1.37 (3×4H, Ph Ho,m, dmp Hm), 3.20 (2H, Ph Hp), -11.62 (2H, dmp Hp), 
-26.99 (12H, dmp Me). 
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LbhexCoIICl2: 2.16 g of Lbhex (6.55 mmol) and 1.16 g CoCl2⋅6H2O (4.87 mmol; 
0.74 eq.) were dissolved in 50 ml THF and stirred for 15 min. The solvent was 
removed in vacuo, leaving 2.83 g (102%) of the red-brown product.  
1H NMR (400 MHz, CD2Cl2): δ 104.14 (2H, Py H3,5), 71.35 (4H, hex Hα), 
13.90 (1H, Py H4), -1.55 (6H, hex Hζ), -3.25 (4H, hex Hε), -5.12 (6H, N=CMe), -
7.12 (4H, hex Hδ), -12.88 (4H, hex Hγ), -39.74 (4H, hex Hβ). 
LbocdCoIICl2: 1.10 g of Lbocd (1.65 mmol) and 0.39 g CoCl2⋅6H2O (1.64 mmol, 
1.0 eq.) were dissolved in 20 ml THF and stirred for an hour. The solvent was 
removed in vacuo, leaving 1.21 g (93%) of the red-brown product. 
1H NMR (200 MHz, CD2Cl2): δ 106.0 (2H, Py H3,5), 71.7 (4H, octadec Hα), 
14.1 (1H, Py H4), -5.6 (6H, N=CMe), 1.7, 1.4-0.8 (several), 0.5, 0.2, -1.6, -3.6, -7.1, -
13.4, -41.1 (68H, octadec, Hβ-ς). 
Alkyls and hydrides 
LbdipCoIH: was generated in situ by addition of 2 ml H2 to an NMR sample of 
LbdipCoICH2SiMe3.  
1H NMR (300 MHz, C6D6): δ 10.80 (t, 1H, 3JHH 7.8 Hz, Py H4), 7.60 (m, 4H, 
Py H3,5, dip Hp), 7.46 (d, 4H, 3JHH 7.8 Hz, dip Hm), 3.41 (sept, 4H, 3JHH 6.9 Hz, 
CHMe2), 1.31 and 0.29 (d, 12H each, 3JHH 6.9 Hz, CHMe2), -1.65 (s, 6H, N=CMe).10
13C NMR (100 MHz, C6D6): δ 168.5 (N=C), 160.1 (dip Ci), 156.5 (Py Cα), 
140.2 (dip Co), 126.3 (dip Cp), 124.1 (dip Cm), 123.6 (Py Cβ), 117.8 (Py Cγ), 28.6 
(CHMe2), 25.4 (N=CMe), 23.3 and 22.5 (CHMe2).  
LbdipCoIEt: was generated in situ by addition of 2 ml ethene to an NMR 
sample of LbdipCoIH.  
1H NMR (300 MHz, C6D6): δ 10.25 (t, 1H, 3JHH 7.5 Hz, Py H4), 7.99 (d, 2H, 
3JHH 7.5 Hz , Py H3,5), 7.52 (t, 2H, 3JHH 7.5 Hz, dip Hp ), 7.39 (d, 4H, 3JHH 7.5 Hz, 
dip Hm), 3.13 (sept, 4H, 3JHH 6.7 Hz, CHMe2), 1.51 (quart, 2H, 3JHH 7.5 Hz, 
CoCH2CH3), 1.17 and 0.75 (d, 12H each, 3JHH 6.7 Hz, CHMe2), -1.19 (t, 3H, 3JHH 7.5 
Hz, CoCh2CH3) -1.33 (s, 6H, N=CMe).  
13C NMR (100 MHz, C6D6): δ 165.3 (N=C), 157.9 (dip Ci), 154.9 (Py Cα), 
140.9 (dip Co), 126.6 (dip Cp), 124.1 (dip Cm), 122.6 (Py Cβ), 117.6 (Py Cγ), 28.3 
(CHMe2), 26.1 (N=CMe), 24.2 and 23.1 (CHMe2) 12.8 CoCH2CH3. The signal for 
CoCH2 was not observed. 
LbdmpCoICH2SiMe3: To 0.276 g LbdmpCoIICl2 (553 μmol), 0.115 g 
LiCH2SiMe3 (1.21 mmol; 2 eq.), 8 ml hexane was added. The mixture was stirred for 
one hour, after which it was filtered. The filtrate was evaporated till dryness; the yield 
was not determined. 1H NMR (200 MHz, C6D6): δ 10.06 (t, 1H, 3JHH 7.8 Hz, Py H4), 
7.71 (d, 2H, 3JHH 7.8 Hz, Py H3,5), 7.34 (d, 2H, 3JHH 6.2 Hz, dmp Hp), 7.26 (d, 4H, 
3JHH 6.2 Hz, dmp Hm), 0.80 (s, 2H, CoCH2), -0.63 (s, 9H, SiMe3), -1.28 (s, 6H 
N=CMe). The addition of H2 to the NMR sample resulted in a colour change from 
deep red-purple to green and disappearance of all the complex-related 1H NMR 
signals. 
PLbdmpCoICH2SiMe3: To 0.195 g PLbdmpCoIICl2 (313 μmol) 0.065 g 
LiCH2SiMe3 (684 μmol, 2.2 eq.) was added, and 5 ml of hexane. Immediately, a 
colour change to green was observed. After 2 h the mixture was filtered, and the 
filtrate was evaporated to dryness, yielding a green powder (yield not determined).  
1H NMR (200 MHz, C6D6) δ 9.91 (t, 1H, 3JHH 8 Hz, Py H4), the rest of the 
peaks could not be unambiguously assigned. The addition of H2 to the 1H NMR 
sample resulted in disappearance of all the complex-related 1H NMR signals. 
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LbhexCoICH2SiMe3: To 0.45 g LbhexCoIICl2 (0.79 mmol), 1.6 ml of a 1M 
solution of LiCH2SiMe3 (1.60 mmol, 2.0 eq.) in pentane was added as well as 8 ml 
hexane. The mixture was stirred for one hour, after which it was filtered. The filtrate 
was evaporated to dryness, yielding 0.153 g LbhexCoICH2SiMe3 (33.8%) as a thick 
dark-red oil.  
1H NMR (200 MHz, C6D6): δ 9.72 (t, 1H, 3JHH 7.6 Hz, Py H4), 7.31 (d, 2H, 
3JHH 7.6 Hz, Py H3,5), 5.19 (t, 4H, 3JHH 7.6 Hz, hex Hα), 2.22 (quint, 4H, 3JHH 7.6 
Hz, hex Hβ), 1.54 (quint, 4H, 3JHH 7.6 Hz, hex Hγ), 1.22 (m, 8H, hex Ηδ, ε), 0.82 (t, 
6H, 3JHH 7.2 Hz, hex Hζ), 0.02 (s, 2H, CoCH2), -0.14 (s, 9H, SiMe3), –0.18 (s, 6H, 
N=CMe).  
13C NMR (75 MHz, C6D6): 162.42 (N=C), 152.18 (Py Cα), 122.50 (Py Cβ), 
114.01 (Py Cγ), 59.35 (hex Cα), 32.20 and 22.89 (hex Cδ, ε), 29.08 and 27.36 (hex 
Cβ, γ), 20.39 (N=CMe), 14.21 (hex Cζ), 3.00 (SiMe3). The signal for CoCH2 was not 
found. The addition of H2 to the 1H NMR sample resulted in a colour change from 
dark red to green-brown and a loss of all the complex-related 1H NMR signals. 
LbocdCoICH2SiMe3: To 0.292 g LbocdCoIICl2 (368 μmol), 0.90 ml of a 1M 
solution of LiCH2SiMe3 (900 μmol, 2.45 eq.) in pentane was added as well as 8 ml 
hexane. The mixture was stirred for two hours, after which it was filtered, and the 
solvent was removed in vacuo leaving a deep purple-red product.  
1H NMR (400 MHz, C6D6): δ 9.71 (t, 1H, 3JHH 7.6 Hz, Py H4), 7.31 (d, 2H, 
3JHH 7.6 Hz, Py H3,5), 5.21 (t, 4H, 3JHH 7.6 Hz, octadec Hα), 2.26 (quint, 4H, 3JHH 7.6 
Hz, octadec Hβ), 1.59 (quint, 4H, 3JHH 7.2 Hz, octadec Hγ), 1.5-1.1 (m, 56H, octadec 
Ηδ−ρ),  octadec Hς presumably obscured by the resonance of traces of hexane. The 
signals for CoCH2, SiMe3 and N=CMe could not be unambiguously assigned. 
LbdipRhICH3: To 100 mg of LbdipRhICl (0.16 mmol) and 7.1 mg MeLi (0.32 
mmol, 2 eq.) 2 ml toluene was added and the reaction mixture was stirred for 3 days. 
The obtained product was filtered and the filtrate was evaporated to dryness, yielding 
91 mg LbdipRhICH3 (84%) as a dark green solid.  
1H NMR (300 MHz, C6D6): δ 8.19 (t, 1H, 3JHH 7.9 Hz, Py H4), 7.34 (d, 2H, 
3JHH 7.7 Hz, Py H3,5), 7.22-7.10 (m, 6H, dip Hm,p), 3.19 (sept., 4H, 3JHH 6.8 Hz, 
CHMe2), 2.12 (d, 3H, 2JRhH 1.1 Hz, RhMe), 0.99 (m, 24H, CHMe2), 0.73 (s, 6H, 
N=CMe).  
13C NMR (75 MHz, C6D6): δ 166.8 (N=C), 155.3 (d, 2JRhC 2.7 Hz, Py Cα), 
148.3 (dip Ci), 140.6 (Py Cγ), 140.4 (dip Co), 123.6 (dip Cm), 123.1 (Py Cβ), 28.2 
(CHMe2), 23.9 and 23.6 (CHMe2), 18.9 (N=CMe), 1.2 (d, 1JRhC 21.0 Hz, RhMe). dip 
Cp is presumably obscured by the resonance of the C6D6 solvent. 
LbdipRhIBz: To 100 mg of LbdipRhICl (0.27 mmol) and 41 mg of Bz2Mg (0.27 
mmol, 1 eq.) 2 ml toluene was added. The mixture was stirred for 24 h. The 
magnesium salts were separated from the reaction products by filtration and the 
filtrate was evaporated to dryness, yielding a purple powder. 5 ml hexane was added, 
the mixture was filtered and the filtrate was evaporated to dryness, yielding 
LbdipRhIBz as a purple powder.  
1H NMR (C6D6, 200 MHz): δ 7.97 (t, 1H, 3JHH 7.9 Hz, Py H4), 7.31-7.17 (m, 
8H, dip Hm,p, Py H3,5), 7.21 (t, 2H, 3JHH 7.3 Hz, Bz Hm), 6.65 (m, 1H, Bz Hp), 5.59 
(d, 2H, 3JHH 6.9 Hz, Bz Ho), 3.69 (d, 2H, 2JRhH 2.6 Hz, RhCH2), 3.17 (sept., 4H, 3JHH 
6.8 Hz, CHMe2), 1.01-0.92 (m, 30H, N=CMe, CHMe2).  
13C NMR (C6D6 75 MHz): δ 166.8 (d, 2JRhC 2.3 Hz, N=C), 156.2 (d, 2JRhC 2.9 
Hz, Py Cα), 151.9 (d, 2JRhC 1.7 Hz, Bz Ci), 148.4 (dip Ci), 141.0 (Py Cγ), 140.6 (dip 
Co), 127.3 (Bz Co), 127.0 (Bz Cm), 126.5 (dip Cp), 124.2 (dip Cm), 123.6 (Py Cβ), 
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119.6 (Bz Cp), 28.6 (CHMe2), 24.0 and 23.8 (CHMe2), 19.5 (d, 3JRhC 1.7 Hz, 
N=CMe). The RhCH2 signal was not detected. 
LbdipRhICH2SiMe3: To 170 mg of LbdipRhICl (0.27 mmol, 1 eq.), 0.54 ml 1.0 
M LiCH2SiMe3 in pentane (0.54 mmol, 2 eq.) and 4 ml of toluene were added. The 
mixture was stirred for 24 h. The solvent was removed in vacuo, yielding a green-
brown powder. 5 ml hexane was added, the mixture was filtered and the filtrate was 
evaporated to dryness, yielding LbdipRhICH2SiMe3 as a green powder.  
1H NMR (C6D6, 300 MHz): δ 8.06 (t, 1H, 3JHH 7.9 Hz, Py H4), 7.24 (d, 2H, 
3JHH 8.1 Hz, Py H3,5), 7.15-7.03 (m, 6H, dip Hm,p), 3.26 (sept., 4H, 3JHH 6.8 Hz, 
CHMe2), 1.87 (d, 2H, 2JRhH 2.2 Hz, RhCH2), 1.28 and 0.97 (d, 12H each, 3JHH 6.6 Hz, 
CHMe2), 0.86 (s, 6H, N=CMe), 0.29 (s, 9H, SiMe3).  
13C NMR (C6D6 75 MHz): δ 165.8 (d, 2JRhC 0.9 Hz, N=C), 156.3 (d, 2JRhC 3.2 
Hz, Py Cα), 149.4 (dip Ci), 141.1 (Py Cγ), 140.6 (dip Co), 126.7 (dip Cp), 124.3 (dip 
Cm), 123.6 (Py Cβ), 28.2 (CHMe2), 24.5 and 24.3 (CHMe2), 19.9 (d, 3JRhC 2.0 Hz, 
N=CMe), 6.7 (d, 1JRhC 33.0 Hz, RhCH2), 4.0 (SiMe3). 
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3.1 Introduction 
In the previous chapter, we have shown that Co, which usually has a strong 
preference for the +2 and +3 oxidation states, can easily be reduced to formally CoI 
when complexed to bis(imine) pyridine ligands.2 This formal +1 oxidation state of the 
metal is somewhat misleading, since the electronic structure of the complex is better 
described as containing low-spin CoII antiferromagnetically coupled to a ligand 
radical anion. Nevertheless, the resulting complexes show a clear resemblance to the 
more usual square-planar complexes of RhI and IrI. 
This last finding is significant in the context of catalysis: organometallic 
complexes of rhodium and iridium play a prominent role in homogenous catalysis.3a,b 
They owe this role mainly to their ability to switch between oxidation states +1 and 
+3, thus enabling a wide range of reactions, in particular hydroformylation3c,d and 
hydrogenation.3e,f Such +1/+3 oxidative addition/reductive elimination cycles are 
well-established. For instance, the mechanism of hydrogenation by the Wilkinson 
catalyst4 was shown by Halpern (experimentally) to follow a +1/+3 cycle,5 which was 
supported computationally by Morokuma.6  
The replacement in catalytic applications of rhodium and iridium by cobalt 
would have obvious economic and environmental benefits. However, such a 
substitution is not easily done. The observation of reactive, square-planar CoI 
complexes with the bimpy ligand gave us some hope that this ligand or similarly 
strong π-acceptors might be useful here. For rhodium-like catalysis, one would also 
need access to the +3 oxidation state, and we found that this can indeed be achieved 
with the same ligand (vide infra). Therefore, we decided to investigate the possibility 
of using bimpy complexes of cobalt in hydrogenation catalysis. We have included 
analogous Rh complexes for comparison.7 
3.2 Results and Discussion 
A bimpy CoIII complex: LbdipCo(CN)3
This complex was not used in hydrogenation experiments, but is shown here 
as a proof that the +3 oxidation state is available for bimpy Co complexes. The 
reaction of LbdipCoCl2 with NaCN in water/chloroform under air produced 
LbdipCo(CN)3. Layering with hexane produced crystals that were suitable for X-ray 
diffraction. Figure 1 shows one of the two independent molecules present in the unit 
cell. The CoIII center atom has a distorted octahedral geometry with an N1-Co-N3 
angle of 162.7°. This deviation is imposed by the ligand geometry and is also 
observed for other octahedral cobalt complexes bearing this type of ligand.8 
Furthermore, the Co-C-N angles of the two axial CN groups differ markedly from 
180°, being 167° and 171° for Co-C4-N4 and Co-C5-N5 respectively, whilst Co-C6-
N6 is 175°. This deviation is probably imposed by the steric bulk of the 
diisopropylphenyl groups. 
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Figure 1. X-ray structure of LbdipCo(CN)3, drawn at 30% probability, hydrogen atoms are omitted for 
clarity.
Hydrogenation with LbdipCo complexes 
Reaction of LbdipCoCH2SiMe3 with H2 produces a diamagnetic complex, 
which we believe to be the hydride LbdipCoH on the basis of 1H NMR.9 
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Scheme 1. Hydrogenation cycle as followed by 1H NMR.
Monosubstituted olefins easily insert into the Co-H bond of this hydride to 
form the corresponding alkyl derivatives. Upon addition of more H2, the alkyl group 
is hydrogenated off as an alkane and the hydride species is regenerated (Scheme 1).1 
Similarly, Gibson et al. showed that in the reaction of LbdipCoMe with hydrogen a 
species is formed which is believed to be LbdipCoH, and which reacted with ethylene 
to give LbdipCoEt.10 1,2-Disubstituted olefins can also insert and be hydrogenated. For 
example, reaction of 2-pentene with LbdipCoH produces the n-pentyl complex, which 
then forms pentane in the presence of excess hydrogen. This demonstrates that alkyls 
can be isomerised at the cobalt center prior to hydrogenation. Trisubstituted olefins, 
however, do not react, showing that the hydrogenation activity is sensitive to steric 
factors. This is illustrated by the hydrogenation of 7-methyl-1,6-octadiene (MOD): 
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only the monosubstituted C=C bond was hydrogenated. For catalytic hydrogenation, it 
is more convenient to use LbdipCoCl2 and activate it in situ with TIBA 
(triisobutylaluminum), as discussed in more detail below. 
Hydrogenation with LbhexCo complexes. 
In polymerisation with bimpy complexes of Co and Fe, steric shielding of the 
metal by bulky aryl substituents is necessary to obtain high molecular weight 
polymers.11 In order to test whether this type of shielding is also needed for 
hydrogenation, complex LbhexCoCH2SiMe3 was synthesised, which carries n-hexyl 
groups at the imine nitrogens. The product of the reaction between LbhexCoCH2SiMe3 
and H2 is not the expected hydride LbhexCoH but a paramagnetic species that shows a 
clear EPR signal (see below) and is NMR-silent. Despite this difference in behaviour 
between Lbdip and Lbhex complexes, catalytic hydrogenation using LbhexCoCl2/TIBA 
shows an activity and specificity similar to that of LbdipCoCl2/TIBA. 
Hydrogenation with LbdipRh complexes. 
LbdipRhMe also reacts with H2 to form a paramagnetic and NMR-silent 
product.7 Catalytic hydrogenation using LbdipRhCl/TIBA, shows a specificity with 
MOD similar to that of the Co complexes. 
EPR measurements. 
The paramagnetic product of LbhexCoCH2SiMe3 and H2 shows a clear EPR 
signal indicative of an S=1/2 species. The rhombic signal (Figure 2) could be 
simulated satisfactorily using only hyperfine coupling to Co. 
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Figure 2. EPR of reaction product of LbhexCoCH2SiMe3 and H2 (toluene glass, 40 K). Simulation: g11 = 
1.9935, g22 = 1.9985, g33 = 2.0185, A11(Co) = 77.7 MHz, A22(Co) = 31.2 MHz, A33(Co) = 26.8 MHz.
On closer inspection we found that also in the reaction between 
LbdipCoCH2SiMe3 and H2, besides LbdipCoH, some paramagnetic product is formed 
(max. 5% according to a quantitative 1H NMR experiment). In this case, interpretation 
of the EPR signal is less straightforward. The spectrum in toluene glass (T=40K) 
shows a broad signal indicative of axial symmetry (gll  = 2.0285, g⊥ = 1.997, Figure 3) 
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Figure 3: EPR of reaction product of LbdipCoCH2SiMe3 and H2 (toluene glass,40K). Simulation: g⊥ = 
2.0285, gll = 1.996, A⊥(N) = 10 MHz, All(Co) = 30 MHz.
At room temperature, the isotropic signal at g = 2.0112 (Figure 4) reveals 
some (super)hyperfine coupling; we cannot unambiguously discriminate between a 
superhyperfine coupling to a single nitrogen (Aiso(N)≈58 MHz, Figure 4A) and a cobalt 
hyperfine coupling (Aiso(Co)≈22 MHz, Figure 4B), although the former gives a slightly 
better fit. The observation of isotropic signals at room temperature as seen for 
LbdipCoR + H2 is strongly indicative for mainly ligand-centred radicals. 
It is remarkable that upon reaction with H2 LbhexCo generates exclusively a 
paramagnetic complex, while LbdipCo predominantly yields the diamagnetic complex 
LbdipCoH. For both ligands, the paramagnetic complex might be a low-spin L-•Co 
ligand radical complex in which the unpaired electron is partly delocalised over the 
metal and the ligand (to different extents); the exact nature of these paramagnetic 
species cannot be directly derived from the EPR spectra. Presumably, formation of 
these paramagnetic species is promoted by the decreased steric bulk of the Lbhex 
ligand compared to Lbdip. 
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Figure 4. EPR of reaction product of LbdipCoCH2SiMe3 and H2 (room temperature). Simulation: giso = 
2.0112; A: Aiso(N) = 58.4 MHz; B: Aiso(Co) = 22.4 MHz.
The EPR spectrum of the paramagnetic product obtained from LbdipRhMe and 
H2 (toluene glass, 40K) shows an axial signal indicative of an S=1/2 species, of which 
gll reveals superhyperfine coupling; simulation yields gll = 1.9775, g⊥ = 2.0169, All (N) 
= 40 MHz.7 Since the g-values of the paramagnetic rhodium species are close to ge, it 
seems reasonable to assume that the unpaired electron is mainly located on a ligand 
fragment, presumably in one of the bimpy π* orbitals. This would imply a 
formulation as a Lbdip-•RhI or Lbdip-•RhIIIH2 species. A dinuclear Rh bimpy complex 
with a bridging dinitrogen molecule was shown to have a similar EPR signal.12 
Hydrogenation activity. 
Rates of hydrogenation were determined with 1-octene as substrate and 
solvent. In general, the dichloride (cobalt) or monochloride (rhodium) precursors were 
used (0.2 to 25 μmol) in combination with a large excess of TIBA (typically 0.5 
mmol) as activator and scavenger. TIBA (1M in hexane) was first added to the solid 
precursor, since the activated catalyst dissolves in hexane (and 1-octene). For low 
intake experiments this solution was further diluted and extra TIBA was added in 
order to maintain the same scavenger concentration. Control experiments using pre-
formed metal alkyls showed that the in situ activation by TIBA was effective. The 
typical hydrogenation time was 10 min.. Hydrogenation rates at low intake (ca 0.5 
μmol catalyst, glass autoclave, magnetic stirring, 5 bar H2) showed conversion of 1-
octene by LbdipCoCl2, LbhexCoCl2 and LbdipRhCl with TIBA in the order of 10,000 mol 
per mol catalyst per bar per hour. For LbdipCoCl2, conversion was found to vary 
linearly with hydrogen pressure in the range of 5 to 50 bar (Figure 5). 
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Figure 5. Conversion of 1-octene at different H2 pressures.
However, conversion did not depend linearly on catalyst intake. The 
possibility that this might be due to diffusion limitation was ruled out by experiments 
in a mechanically stirred reactor at 20 bar. In this setup, hydrogen was added 
efficiently right into the octene by means of a gas impelling stirrer. Stirring at full or 
half capacity gave the same conversion. 
Figure 6 shows the results for four separate experiments using varying 
amounts of catalyst (for further data under a variety of stirring conditions see the 
experimental section). 
The graph clearly shows that higher catalyst intake leads to lower turnovers. 
Such behaviour is sometimes observed if the catalyst is sensitive to the product. In the 
present case, where the product is a saturated alkane, this is highly unlikely. 
Therefore, we suspect that a bimolecular catalyst deactivation may be responsible.13 
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Figure 6. Conversion versus intake (mechanical stirring, 20 bar H2).
For LbdipCoCl2, the decay of activity with time was measured as well. The 
magnetically stirred setup was loaded with a large amount of catalyst, and a hydrogen 
pressure of two bar was maintained for one hour. This low pressure enabled sampling 
through a septum. Conversion was monitored by taking GC samples at 10-minute 
intervals (Figure 7). Some form of catalyst decay is obvious from these data. The 
solid and dashed lines in the figure are least-squares fits assuming second-order and 
first-order catalyst decay, respectively. The fit is marginally better for the second-
order model, but the data are not good enough to allow discrimination between the 
two models. 
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Figure 7. Conversion versus time fitted assuming second-order (solid line) or first-order (dashed line) 
catalyst decay.
Theoretical studies. 
In order to shed more light on the possible mechanism(s) of the hydrogenation 
catalysis, we have studied the reaction using DFT methods. Both CoI/CoIII and 
Co(0)/CoII cycles were considered. Figure 8 shows the free energy profiles calculated 
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for the two cycles using simple ligand model ALbcal and ethylene as the model 
substrate. 
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Figure 8. Free energy profiles (kcal/mol) for CoI/CoIII and Co(0)/CoII hydrogenation cycles.
The relative free energies for the species occurring in the hydrogenation cycles 
of Figure 8 are listed in Table 1. The potential-energy surfaces for both cycles show a 
number of intricacies, as indicated in the footnotes to the Table. In particular, there 
are several wide, flat plateaus that make a rigorous characterisation of the reaction 
path difficult. Also, the switch between closed-shell and symmetry-broken solutions 
complicates matters significantly and is expected to be sensitive to the choice of 
functional. Nevertheless, the resulting overall picture is clear enough. 
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Table 1. Relative free energies for species in the two hydrogenation cycles.
Complex Erel 
(kcal/mol) 
CoI/CoIII cycle 
1 ALbcalCoH (0) (a)
2 ALbcalCoH(C2H4) -2.76
3 ALbcalCo(H..C2H4) 0.30
4 ALbcalCoEt -15.41 (a)
5 ALbcalCo(Et)(H2) -0.58 (b)
6 ALbcalCo(Et)(H)2 (c)
7 ALbcalCo(Et..H..H) 5.87
8 ALbcalCoH(C2H6) -19.12
9 ALbcalCoH + C2H6 -26.28
Co(0)/CoII cycle 
10 ALbcalCo (0)
11 ALbcalCo(H2) 4.10
12 ALbcalCo(H)2 (d)
13 ALbcalCo(C2H4) -10.84
14 ALbcalCo(C2H4)(H)2 (e)
15 ALbcalCo(H..H..C2H4) 18.76
16 ALbcalCo(H)(Et) (H apical) -2.20
17 ALbcalCo(H)(Et) (Et apical) 0.60
18 ALbcalCo(H..Et) 1.33
19 ALbcalCo(C2H6) -14.81
20 ALbcalCo + C2H6 -26.28
a) Singlet biradical, prefers a broken-symmetry solution. For details see chapter 2. b) Regular local 
minimum on the restricted B3LYP surface. However, only about 0.2 kcal/mol above this minimum in 
the direction of H2 dissociation, the broken-symmetry solution becomes more stable, and then the 
energy decreases monotonically to 4. c) Not a local minimum, collapses to H2 complex 5. d) Very 
shallow minimum, ca 7.7 kcal/mol above 11, with a barrier <0.1 kcal/mol for collapse back to 11. e) 
Not a local minimum, but on a very flat plateau ca 1.3 kcal/mol below 15. 
The CoI/CoIII cycle is straightforward. Ethylene coordinates weakly to 
ALbcalCoH (1) and then inserts with a low barrier to give CoI alkyl 4. This then 
coordinates H2, but does not cleave the H-H bond.14 Ethane formation proceeds 
through direct transfer of one of the H2 hydrogens of 5 to the ethyl group, i.e. this step 
should be considered as a σ-bond metathesis reaction rather than an oxidative 
addition/reductive elimination sequence. Thus, in contrast to the common Rh catalytic 
cycles passing throug discrete +1 and +3 oxidation states, the " CoI/CoIII " cycle does 
not really require CoIII. The rate-determining step of this cycle is the σ-bond 
metathesis step, with an activation energy (relative to ALbcalCoEt) of about 21 
kcal/mol.15 
The Co(0)/CoII cycle starts with ALbcalCo. Of the two possible initial reactions, 
complexation with ethylene or H2, the former is strongly preferred. After ethylene 
coordination, binding of H2 to form ALbcalCo(C2H4)(H)2 is strongly endothermic. Once 
this complex has been formed, both ethylene insertion and subsequent reductive 
ethane elimination have low barriers. The rate-determining step of this cycle is 
ethylene insertion, with a barrier (relative to ALbcalCo(C2H4)) of ca 30 kcal/mol, i.e. 
somewhat higher than found for the CoI/CoIII cycle. 
Both cycles require approximately the same amount of space around the metal, 
so steric effects should be similar. Based on the computational results, it seems that 
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the CoI/CoIII cycle is likely to be the most important one, which is, at least for Lbdip, in 
agreement with the experimental results.16 
3.3 Conclusions 
The square planar CoI alkyl species that were recently discovered as 
intermediates in the activation pathway for the polymerisation of ethylene are also 
active catalysts for the hydrogenation of olefins. Introduction of less bulky 
substituents at the imine nitrogens does not affect this catalyst activity much, in 
contrast to the ligand effects observed in polymerisation.11 Establishing the active 
species is difficult for any catalytic reaction. In the case of the LbdipCo catalyst, 
stoichiometric experiments have demonstrated both olefin insertion into the hydride 
and hydrogenolysis of the metal-alkyl bond, supporting a cycle involving LbdipCoH. 
However, the fact that also a small amount of paramagnetic product (<5%) is formed 
upon reaction with H2 means that the possibility of a paramagnetic species being 
active as well, cannot be ruled out. Calculations are not conclusive but prefer a cycle 
involving CoI over a Co(0)/CoII cycle. Ironically, the properties of the bis(imine) 
pyridine ligand that allow Co in its +1 oxidation state seem to prevent rhodium from 
following its common +1/+3 catalytic cycle. However, this does not prevent the 
rhodium system from being active in hydrogenation as well. 
Our goal was to perform ‘rhodium-like’ catalysis with our bimpy cobalt 
systems. The results show that hydrogenation is indeed possible, although a σ-bond 
metathesis reaction rather than a ‘rhodium-like’ oxidative addition/reductive 
elimination sequence is preferred. It might well be that other catalytic reactions 
usually associated with rhodium and iridium will also lend themselves to this kind of 
metal replacement. 
3.4 Experimental 
General.  
All manipulations were carried out under an atmosphere of argon using 
standard Schlenk techniques or in a conventional nitrogen-filled glovebox, except for 
the synthesis of LbdipCo(CN)3, which was performed under air. Solvents were refluxed 
over an appropriate drying agent and distilled prior to use. Hydrogenation specificity 
experiments were carried out in NMR-tubes in C6D6 at room temperature under an 
inert atmosphere using ca. 5 mg of Co complex. NMR spectra were recorded on 
Varian and Bruker spectrometers at ambient temperature. X-band EPR spectra were 
recorded on a Bruker ESP 300. The spectra were simulated by iteration of the 
(an)isotropic g values, hyperfine coupling constants, and line widths. 
The ligands Lbdip 11d and Lbhex 9 and the complexes LbdipCoCl2 11d, LbhexCoCl2 9, 
LbdipRhCl 17, LbdipCoCH2SiMe3 2a, LbhexCoCH2SiMe3 9 and LbdipRhMe 9 were 
synthesised following literature procedures. All other chemicals were obtained 
commercially and used as received. 
LbdipCo(CN)3.  
To 307 mg LbdipCoCl2 (0.50 mmol) and 101 mg NaCN (2.06 mmol; 4.12 
equiv.) 25 ml chloroform was added. No reaction took place after 15 hours of stirring. 
Addition of 2 ml H2O resulted in a colour change from brown to red. Addition of a 
layer of hexane resulted in the precipitation of a dark red solid, which according to 1H 
NMR consisted of a mixture of 65% LbdipCo(CN)3 and 35% free Lbdip. A similar 
experiment offered some crystals, suitable for X-ray structure determination (see 
below). 
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1H NMR (200 MHz, CDCl3): δ 8.61 (t, 3JHH 8 Hz, 1H, Py-H4), 8.34 (d, 3JHH 8 
Hz, 2H, Py-H3,5), 3.36 (sept., 3JHH 6.5 Hz, 4H, iPr-H), 2.46 (s, 6H, N=C-Me), 1.47 (d, 
3JHH 6.5 Hz, 12H, iPr-Mea), 1.01 (d, 3JHH 6.5 Hz, 12H, iPr-Meb) 
LbdipCoCH2SiMe3 and H2.  
This reaction was reported earlier to produce LbdipCoH 9. The samples also 
show a weak EPR signal. Simulation yielded g⊥ = 2.0285, gll = 1.996, A⊥(N) = 10 
MHz, All(Co) = 30 MHz (see Figure 3). At room temperature, a giso value of 2.0112 
was observed; we could not distinguish between a nitrogen superhyperfine coupling 
of 58.4 MHz or a cobalt hyperfine coupling of 22.4 MHz. 
LbhexCoCH2SiMe3 and H2.  
After addition of 2 ml of H2, all 1H NMR signals for LbhexCoCH2SiMe3 
disappeared. At T=40K in toluene, an EPR signal was detected. Simulation yielded 
the following g-values and Co hyperfine couplings: g11=1.9935, g22=1.9985, 
g33=2.0185, A11=77.7 MHz, A22=31.2 MHz and A33=26.8 MHz. 
LbdipRhMe and H2.  
After addition of 2 ml of H2, all 1H NMR signals for LbdipRhMe disappeared. 
At T=40K in toluene, an EPR signal was detected. Simulation yielded gll = 1.9775, g⊥ 
= 2.0169, All(Rh) = 40 MHz. 
LbdipCoCH2SiMe3 and internal olefin. 
8 mg LbdipCoCH2SiMe3 and 8 mg 2-pentene were dissolved in 0.5 g C6D6 and 
a 1H NMR spectrum was recorded. 2 minutes after 1 ml of H2 was injected, 1H NMR 
showed a decrease in intensity of the vinylic protons around 5.4 ppm, indicating 
consumption of 2-pentene. Furthermore, the signals for LbdipCoCH2SiMe3 had 
disappeared, and another CoI complex had formed, which we identified as a CoI n-
pentyl species on basis of the ligand shifts (which resembled earlier reported CoI alkyl 
species 2a) and the multiplet for the n-pentyl β-hydrogens at –0.8 ppm. After addition 
of an excess of H2, 1H NMR showed no traces of vinylic signals, indicating that all 2-
pentene had been converted to pentane. Co was shown to be present in the form of 
LbdipCoH. 
Selectivity of LbdipCoCH2SiMe3 for α-olefin in the presence of 
trisubstituted olefin. 
8 mg LbdipCoCH2SiMe3 was dissolved in 0.5 g of C6D6, and 5 ml H2 was 
added, resulting in the formation of LbdipCoH as shown by 1H NMR. Subsequently 
eight equivalents of 7-methyl-1,6-octadiene (MOD) were added. 1H NMR showed 
that the signals for LbdipCoCH2SiMe3 had disappeared and a Co-alkyl complex had 
been formed through insertion of the terminal double bond of MOD into the Co-H 
bond (the ligand signals were again comparable to earlier observed alkyl species, 2a 
and a multiplet for the alkyl β-hydrogens was observed at –0.8 ppm). After addition of 
more H2, all terminal double bonds were hydrogenated, whereas the internal double 
bonds were still intact (only the signal at 5.3 ppm remained in the vinylic region, 
whereas the ones at 5.0 ppm and 5.7 ppm associated with the terminal double bond 
had disappeared), and again LbdipCoH was left. 
LbhexCoCH2SiMe3 and internal olefin 
6.9 mg LbhexCoCH2SiMe3 and 8 μl 2-hexene were dissolved in 2 ml hexane. 
To this solution 5 ml H2 was added. 1H NMR showed no traces of vinylic protons. 
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Selectivity of LbhexCoCH2SiMe3 for α-olefin in the presence of 
trisubstituted olefin. 
4 mg LbhexCoCH2SiMe3 and 10 μl 7-methyl-1,6-octadiene (MOD) were 
dissolved in 2 ml hexane. 10 ml H2 was added. 1H NMR showed traces of the 
trisubstituted alkene bond, and other internal alkene bonds (due to isomerisation 
products) but no monosubstituted alkene bond. 
LbdipRhMe and internal olefin 
5 mg of LbdipRhMe was dissolved in 0.6 ml C6D6 and placed in an NMR tube 
equipped with a septum. To the solution, 5 μl of a mixture of trans-2-hexene and cis-
2-hexene was added after which a 1H NMR spectrum was recorded. 1 ml hydrogen 
was injected, the solution was stirred and a second 1H NMR spectrum was recorded, 
which revealed that no vinylic protons were left, indicating that all hexene had been 
converted to hexane. 
Selectivity of LbdipRhMe for α-olefin in the presence of trisubstituted 
olefin  
was determined following the procedure described above for 
LbdipCoCH2SiMe3. The NMR spectra revealed that the terminal alkene bond was 
hydrogenated (vinylic protons at 5.0 and 5.7 ppm had disappeared), whilst the 
trisubstituted one was not (5.3 ppm remained). 
Hydrogenation experiments at varying pressures, using different 
autoclaves and stirring speeds. 
General: Hydrogen 5.0 was purchased from Hoek Loos, 1-octene was distilled 
over TIBA prior to use. All results are listed in Table 2. Results per setup are plotted 
in Figure 6, 9 and 10. 
Autoclave setups: 
I: The precatalyst was weighed into a Schlenk flask , which was then flushed 
with argon. TIBA and 40 ml 1-octene were added and this reaction mixture was 
brought into a 100 ml pre-flushed steel autoclave. The mixture was heated and 
maintained at 50°C. 20 bar of hydrogen pressure was applied for 10 minutes. The 
reaction mixture was stirred mechanically by means of a gas impelling stirrer. 
II: A 100 ml glass autoclave (miniclave, Büchi AG) was baked out at 150 °C 
and cooled to ambient temperature in a nitrogen atmosphere. TIBA (0.5 ml, 1 M, 
hexane), the catalyst and 1-octene (10ml) were introduced in that order. The reactor 
was heated to 50°C in an oil bath, after which a constant 5 bar hydrogen pressure was 
applied for ten minutes. The reaction mixture was stirred with a magnetic stirring bar 
at 200 rpm.  
To measure the decay of activity, experiments were carried out under a 2 bar 
hydrogen pressure in the same autoclave setup, enabling sampling through a septum 
without stopping the experiment. 
III: A similar procedure was carried out with a 50 ml steel autoclave (Parr 
instrument company) for experiments at 15 and 50 bar hydrogen pressure, the reactor 
was heated and maintained at 50°C. 
IV: A 75 ml home made steel autoclave was loaded with the precatalyst and 
flushed three times with argon. TIBA (0.5 ml, 1M, hexane) and 20 ml 1-octene were 
added and the reactor was heated to 50°C. 10 bar of hydrogen pressure was applied 
for 10 minutes. The reaction mixture was stirred with a magnetic stirring cross at 900 
rpm. The products were identified and quantified by means of GC-MS. 
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Table 2. All hydrogenation reactions at higher pressures.
Catalyst 1-Octene 
in (mmol)
Octane 
formed 
(mmol)
time 
(min)
P (bar) Cat 
(μmol)
setup Figure Rate (mol 
octane/mmol 
Cat/bar/h)
LbdipCoCl2 255.1 164.9 10 20 8.01 I 6 6.2
LbdipCoCl2 240.8 0.0 10 20 0.00 I 6 n.a.
LbdipCoCl2 263.0 107.0 10 20 1.64 I 6 19.6
LbdipCoCl2 241.7 143.1 10 20 3.43 I 6 12.5
LbdipCoCl2 252.3 144.6 10 20 3.43 I 6 12.6
LbdipCoCl2 75.4 4.8 10 5 0.39 II 5 14.9
LbdipCoCl2 72.7 5.7 10 15 0.19 III 5 11.9
LbdipCoCl2 72.2 10.0 10 50 0.12 III 5 9.6
LbdipCoCl2 76.5 4.2 10 5 0.34 II 9 14.9
LbdipCoCl2 75.4 4.8 10 5 0.39 II 9 14.9
LbdipCoCl2 71.5 3.7 10 5 0.67 II 9 6.6
LbdipCoCl2 62.4 13.9 10 5 7.36 II 9 2.3
LbdipCoCl2 69.0 17.9 10 5 12.10 II 9 1.8
LbdipCoCl2 70.5 18.5 10 5 17.01 II 9 1.3
LbdipCoCl2 71.3 22.3 10 5 75.22 II 9 0.4
LbdipCoCl2 69.0 23.7 10 5 35.98 II 9 0.8
LbhexCoCl2 77.0 3.3 10 5 0.50 II 9 7.8
LbdipRhCl 71.5 3.9 10 5 0.43 II - 10.7
LbdipCoCl2 131.1 0.6 10 10 0.00 IV 10 n.a.
LbdipCoCl2 124.4 30.0 10 10 3.60 IV 10 5.0
LbdipCoCl2 129.7 41.9 10 10 7.52 IV 10 3.3
LbdipCoCl2 130.0 28.3 10 10 1.96 IV 10 8.7
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Figure 9. Conversion versus intake (setup III).
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Figure 10. Conversion versus intake (setup IV).
Calculations. 
Density functional calculations were performed with the TURBOMOLE 
program18 in combination with the OPTIMIZE routine of Baker and co-workers,19. 
All relevant minima and transition states were fully optimised at the unrestricted 
B3LYP level,20 employing the standard SV(P) basis sets 21 and a small-core 
pseudopotential for Co 22. Numerical or analytical second derivatives were calculated 
for all stationary points, and thermal corrections (enthalpy and entropy, 323K, 20 bar) 
were calculated from these to produce the final relative free energies mentioned in the 
text. 
X-ray structure determination for LbdipCo(CN)3. 
The crystal data and a summary of the data collection and structure refinement 
are given in Table 2. The structure was solved by the PATTY option 23 of the DIRDIF 
program system.24 All nonhydrogen atoms were refined with anisotropic temperature 
factors. The hydrogen atoms were placed at calculated positions, and refined 
isotropically in riding mode. The structure is shown in Figure 1 25. The structure 
consists of two independent molecules in the asymmetric unit. In addition, four 
significant, isolated electron densities were found in the difference fourier map. These 
were treated as disordered, partially occupied water molecules. No hydrogen atoms 
could be located for these oxygen atoms, so no hydrogen bonds could be detected 
which would support this assignment. This means that the chemical nature of these 
atoms is questionable. Finally, a void of 60A3 was found in the structure in the 
neighbourhood of O103. The SQUEEZE procedure showed no net electron density in 
this void25 although there are some low residual electron densities in the difference 
fourier map. Geometrical calculations25 revealed neither unusual geometric features, 
nor unusual short intermolecular contacts. The calculations revealed no higher 
symmetry and no further solvent accessible areas. 
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Table 3. Crystallographic data for LbdipCo(CN)3.
Compound    LbdipCo(CN)3 
Crystal colour     transparent dark red  
Crystal shape     rough platelet  
Crystal size     0.38 × 0.11 × 0.03 mm  
Empirical formula    C36H43CoN6·4H2O  
Formula weight     690.76  
Temperature     293(2) K  
Radiation / Wavelength    MoKα (graphite mon.) / 0.71073 Å  
Crystal system, space group   Triclinic, P-1  
Unit cell dimensions    a= 15.409(3) Å,  α= 108.592(15) °. 
     b= 15.472(4) Å,  β= 101.604(15) °. 
     c= 17.244(3) Å,  γ= 105.549(15) °. 
Volume      3563.9(13) Å3  
105275 reflections 
Z, Calculated density    4, 1.287 Mg/m3  
Absorption coefficient    0.528 mm-1  
Diffractometer / scan    Nonius KappaCCD with area detector φ and ω scan 
F(000)      1472  
θ range for data collection   4.99 to 25.00 °.  
Index ranges     -18≤h≤18, -18≤k≤18, -20≤l≤20  
Reflections collected / unique   105275 / 12462 [R(int) = 0.0951]  
Reflections observed    8113 ([Io>2σ(Io)])  
Absorption correction    SADABS multiscan correction 26 
Refinement method    Full-matrix least-squares on F2  
Computing     SHELXL-97 27  
Data / restraints / parameters   12462 / 0 / 835  
Goodness-of-fit on F2    1.064  
SHELXL-97 weight parameters   0.0710, 3.4334 
Final R indices [I>2σ(I)]    R1 = 0.0571, wR2 = 0.1362  
R indices (all data)    R1 = 0.1063, wR2 = 0.1600  
Largest diff. peak and hole   1.079 and -0.286 e.Å-3 
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4.1 Introduction
Since the parallel discovery by the groups of Brookhart and Gibson of the 
performance of iron and cobalt complexes bearing bis(imine) pyridine ligands in 
olefin oligomerisation and polymerisation,2 numerous studies have been dedicated to 
this particular ligand. In the case of cobalt, we and others showed that MAO achieves 
reduction of the dichloride complex, prior to alkylation in the activation pathway.3 For 
iron, dialkyl complexes can be formed under the right circumstances,4,5 but reduction 
of the metal centre4,6 and (reversible) attack of alkyl groups on the ligand framework4 
have also been observed. Furthermore, Al alkyls can displace the iron atom partially 
or completely1c from the ligand. Ligand alkylation has also been observed with the 
transition metals Ti,7 V8 and Cr9 (in combination with various alkylating agents) and 
with the main-group metals Li,10 Al,11,12 Zn and Mg.13 Alkylation can occur at various 
positions of the ligand framework: so far, examples of alkyl attack at the imine 
carbon,4,11,12 the pyridine C2,4,7,8 C49 and nitrogen atoms10,13 have been reported, as 
well as double alkylation (at both C2 and C3 atoms).8 While for this particular system 
ligand-centered reactivity has only recently attracted attention, chemical non-
innocence of the related α-diimine and imine-pyridine systems has been known for a 
long time.14 A recent report shows that also for these ligands alkylation can be 
reversible.15 
The reaction of Al alkyls with bimpy ligands is particularly important for two 
reasons. In the first place, Al alkyls are the cocatalysts of choice for activating 
transition metal complexes of bimpy ligands in olefin polymerisation16 and 
hydrogenation.17 Secondly (although controversely), the adducts of Al alkyls with this 
ligand have been reported to generate transition-metal-free olefin polymerisation 
catalysts on activation with Lewis acids.11 
For these reasons, we decided to study the reactions of ligand Lbdip with 
several Al alkyls in detail. Gibson reacted both Lbdip and related bis(aldimine) 
pyridine ligands with Al alkyls and from these reactions isolated pure imine adducts.11 
Milione studied the reaction of Lbdip with Et2AlCl12 and mentions complexation and 
addition to the imine carbon as the main or sole reactions occurring. As we will show 
below, the reaction is much more complicated than indicated by these earlier studies 
and features addition to at least three positions of the ligand as well as dimerisation of 
one of the adducts. Depending on the choice of alkyl and reaction conditions, we have 
observed addition to the imine position, to pyridine C2 or C4 as well as dimerisation 
of the 4-adduct to a polycyclic dimer (see Scheme 1). 
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Scheme 1. Adduct types observed in this work.
Additional adduct types could in principle be formed, as shown in Scheme 2. 
As mentioned above, pyridine N-adducts have been observed for Li,10 Mg and Zn;13 
addition to C3 (without preceding C2 alkylation) or to the imine nitrogen has not been 
reported so far. We will be considering these alternative products in the theoretical 
parts of this chapter. 
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Scheme 2. Alternative adduct types, not observed in this work.
4.2 Results and discussion 
We have investigated the stoichiometric reactions of Al alkyls with the free 
ligand Lbdip. In all of these reactions, a mixture of products is formed initially. 
Prolonged heating changes the composition of the mixture, but never in such a way 
that only a single product remains. Thus, pure compounds could only be obtained in 
those cases where a single product crystallised preferentially (other separation 
techniques failed). Fortunately, we were able to isolate pure samples of a C2-adduct 
({Lbdip+Et(2)}AlEt2) and two dimers of C4-adducts {Lbdip+Et(4)}AlEtCl1a, 
{Lbdip+H(4)}AliBu2) in this way. One imine adduct ({Lbdip+Et(i)}AlEtCl) was also 
obtained in crystalline form, but not in sufficient quantities for NMR 
characterisation;1a therefore, we prepared pure samples of imine adducts 
{Lbdip+Me(i)}AlMe2 and {Lbdip+Et(i)}AlEt2 following the route previously reported 
by Gibson,11 using excess Al alkyl. Comparison of the spectra of the purified C2 and 
imine adducts with those of the reaction mixtures allowed easy assignment of such 
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adducts in all mixtures. Except for a very small amount from which a crystal of 
{Lbdip+H(4)}AliBu2 could be picked, the C4 adducts could not be isolated pure 
because they dimerise slowly as they are formed. They have, however, very 
characteristic signals for the (former) pyridine ring protons which make assignment 
straightforward. As a further support for the NMR assignments, we calculated 1H and 
13C NMR shifts for the various adducts of Me3Al and Et3Al using the GIAO method. 
In the following sections, we first discuss the pure adducts we managed to isolate and 
the assignment of their spectra, and then use these to interpret the progress of the 
addition reactions. 
4.2.1 Individual adducts 
Imine adducts 
Pure samples of complexes {Lbdip+Me(i)}AlMe2 and {Lbdip+Et(i)}AlEt2, for 
use as reference materials in the analysis of mixture spectra, were prepared by the 
method of Gibson11 (treating Lbdip with 2.0 equiv. of Me3Al or Et3Al, 12 hr of reflux 
in toluene, removal of the solvent, crystallisation from toluene). We also determined 
the structure of {Lbdip+Me(i)}AlMe2 (Figure 1). Its geometry is fully comparable to 
the analogous product of the reaction between an aldimine ligand and AlMe3 as 
reported by Gibson.11 The central Al is tetrahedral with a short Al-N3 bond (1.878(3) 
Å) because N3 has now become anionic; the Al-N2 distance is very long (2.591(5) 
Å), and probably does not represent a real coordination bond. 
Compared to C2- and C4-adducts and the free ligand Lbdip, imine-adducts 
show a characteristic low-field isopropyl methine resonance, which (according to 
NOESY and calculations mentioned below) is due to an isopropyl group on the 
"reacted" side of the complex. Apart from this, the imine adducts show no resonances 
that allow easy identification and quantification in mixtures. 
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Figure 1. X-ray structure of {Lbdip+Me(i)}AlMe2, hydrogens are omitted for clarity. Selected bond 
lengths [Å] and angles [°]: Al-N1 2.036(2), Al-N2 2.591(5), Al-N3 1.878(3), Al-C41 1.967(3), Al-C51 
1.979(3), C1-C2 1.497(5) C2-N2 1.283(4), C2-C3 1.476(5), C3-N1 1.355(4), C3-C4 1.379(4), C4-C5 
1.380(5), C5-C6 1.371(5), C6-C7 1.389(4), C7-N1 1.331(4), C7-C8 1.513(4), C8-C9 1.544(5), C8-N3 
1.463(4), C8-C61 1.526(5) N1-Al-C41 137.63(14), N1-Al-C51 97.82(13), C41-Al-C51 114.25(17).
From the reaction of Lbdip with Et2AlCl, we were able to isolate a few orange 
crystals of imine adduct {Lbdip+Et(i)}AlEtCl by "crystal picking". Although the 
quality of the crystals was poor, the connectivity of the ligand framework could be 
confirmed by X-ray diffraction.1a 
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Pyridine C2 adducts 
Pure samples of {Lbdip+Et(2)}AlEt2 could be obtained by reacting Lbdip with 
Et3Al at room temperature in hexane, cooling to -30°C and washing with cold hexane. 
According to 1H NMR (vide infra), {Lbdip+Et(2)}AlEt2 is initially formed in about 
40% yield, but the above partial crystallisation and washing procedure results in 
significant losses, and the isolated yield of is typically about 10%. 
The 1H NMR spectrum of {Lbdip+Et(2)}AlEt2 shows three characteristic 
olefinic resonances for the (former) pyridine ring protons in the region of 5.0-7.0 
ppm, with clear couplings between them. The aromatic, methine and methyl 
resonances are unremarkable. The crystal structure of {Lbdip+Et(2)}AlEt2 contains two 
independent molecules. Figure 2 shows one of these. Because of the addition, the 
former pyridine ring is no longer planar, and the negative charge is localised on its 
nitrogen atom. This produces a short Al-N1 bond (1.885(3) Å) and localised pyridine 
double bonds (1.364(5) and 1.333(5) Å); the localisation is somewhat less pronounced 
than in the vanadium-containing C2 adduct reported by Gambarotta.8 The geometry 
around the central Al atom is distorted square pyramidal. 
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Figure 2. X-ray structure of {Lbdip+Et(2)}AlEt2, hydrogens are omitted for clarity. Selected bond 
lengths [Å] and angles [°]: Al-N1 1.885(3), Al-N2 2.240(3), Al-N3 2.221(3), Al-C41 1.980(4), Al-C51 
1.981(4), C1-C2 1.504(4) C2-N2 1.284(4), C2-C3 1.475(5), C3-N1 1.366(4), C3-C4 1.364(5), C4-C5 
1.433(5), C5-C6 1.333(5), C6-C7 1.513(5), C7-N1 1.455(4), C7-C8 1.516(5), C8-C9 1.506(5), C8-N3 
1.278(4), C7-C61 1.561(5) N1-Al-C41 114.25(14), N1-Al-C51 133.02(14), C41-Al-C51 112.70(16), 
N2-Al-N3 152.34(11).
Pyridine C4 adducts and their dimers 
Mixtures of Lbdip and various Al alkyls frequently showed a characteristic 
doublet at 4.9 ppm (coupled to a less distinctive multiplet around 3.5 ppm), and/or 
two triplets at 4.8 and 3.5 ppm, each with a coupling of about 3.8 Hz. We assign these 
to the products of addition to the pyridine C4 position of an alkyl group or a hydride, 
respectively. In most spectra, the amounts of these products are small, but in the 
reaction of Et3Al with Lbdip adduct {Lbdip+Et(4)}AlEt2 can comprise up to 25 mol% of 
the mixture. Our assignment is based on the following arguments: 
• The shift and coupling are similar to those observed previously for a C4 
adduct containing Rh18 and to shifts and couplings reported for more 
"normal" 4-hydropyridyl units.19 
Chapter 4 
64
• From the reaction of Et2AlCl with Lbdip, we were able to isolate and 
characterise the tricyclic dimer of 4-adduct {Lbdip+Et(4)}AlEtCl.1a 
• A spectrum recorded immediately after mixing Lbdip and iBu2AlH appears to 
consist of mainly {Lbdip+H(4)}AliBu2, with no other complexes recognizable 
in solution. A crystal obtained from this solution was of very poor quality, 
but X-ray structure determination confirmed its connectivity (Figure 3). 
From the mixture, we were able to isolate the dimer of {Lbdip+H(4)}AliBu2 
after heating and work-up. 
• The shifts of the H3,5 protons and (where assignable) the H4 protons show 
satisfactory agreement with the calculated shifts. 
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Figure 3. X-ray structure of {Lbdip+H(4)}AliBu2, hydrogens are omitted for clarity. Selected bond 
lengths [Å] and angles [°]: Al-N1 1.889(10), Al-N2 2.237(11), Al-N3 2.190(11), Al-C41 1.966(12), Al-
C51 1.990(13), C1-C2 1.521(18), C2-N2 1.281(16), C2-C3 1.454(18), C3-N1 1.387(15), C3-C4 
1.333(18), C4-C5 1.512(19), C5-C6 1.463(18), C6-C7 1.326(17), C7-N1 1.399(16), C7-C8 1.486(19), 
C8-C9 1.511(18), C8-N3 1.313(17), N1-Al-C41 108.3(5), N1-Al-C51 136.5(6), C41-Al-C51 115.1(6), 
N2-Al-N3 146.3(4).
The X-ray structures of the dimers of {Lbdip+Et(4)}AlEtCl1a and 
{Lbdip+H(4)}AliBu2 (Figure 4) show a tricyclic ligand skeleton, similar to that 
reported by Gambarotta for the product of the reaction of Lbdip·CrCl3 with BzMgCl.9 
In the dimer of {Lbdip+Et(4)}AlEtCl, as in the Cr analogue, the alkyl groups added to 
the ligand C4 position of each pyridyl unit avoid the second monomer unit. The Al 
atoms are five-coordinate with the usual square-pyramidal geometry. 
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Figure 4. X-ray structure of the dimer of {Lbdip+H(4)}AliBu2, hydrogens are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: Al-N1 2.010(2), Al-N2 2.147(2), Al-N3 2.120(2), Al-C41 
2.026(2), Al-C51 2.010(3), C1-C2 1.493(4) C2-N2 1.312(3), C2-C3 1.436(4), C3-N1 1.333(3), C3-C4 
1.503(3), C4-C5 1.527(4), C5-C6 1.535(4), C6-C7 1.508(3), C7-N1 1.347(3), C7-C8 1.415(4), C8-C9 
1.502(4), C8-N3 1.317(3), C4-C6#1 1.557(4) N1-Al-C41 142.35(12), N1-Al-C51 102.14(11), C41-Al-
C51 115.31(13), N2-Al-N3 146.71(9).
None of the dimers gave an acceptable 1H NMR spectrum in benzene, toluene 
or any other solvent we tested. This might be simply due to their surprisingly low 
solubility.  
Calculation of NMR shifts 
Given the impossibility of separating isomeric complexes obtained in most 
reactions of Al alkyls with Lbdip, we decided to obtain more support for the NMR 
assignments of the various isomeric structures through prediction of the expected 1H 
and 13C NMR shifts. For "ordinary" organic compounds, shift prediction based on 
reference molecules, group contributions and empirical corrections20 is probably the 
most reliable method available at present. For the present cases, involving 
organometallic complexes with unusual and highly delocalised anionic ligands, such a 
procedure cannot be used, and we resorted to calculations,21 using the GIAO method22 
(as implemented in Gaussian9823) at the B3LYP24/6-311G**25 level. Perfect 
agreement is not expected for several reasons.26 Nevertheless, we hoped that 
calculated data might be good enough to aid spectrum interpretation and assignments. 
Table 1 compares all calculated and observed shifts for complex {Lbdip+Et(2)}AlEt2.  
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Table 1. Calculated and observed chemical shifts for {Lbdip+Et(2)}AlEt2. 
Position 1H 13C
 calc obs calc obs 
Py 2   73.4 67.5 
Py 3 5.12 5.12 114.4 101.7 
Py 4 6.33 6.29 134.3 126.2 
Py 5 5.71 5.66 105.6 114.2 
Py 6   152.5 146.2 
2-CH2Me 2.86, 0.97 2.4, 1.3 35.9 28.6
a
 
2-CH2Me 1.08 0.9 9.3 6.2 
C(Me)=N   194.1, 181.7 183.1, 173.8 
C(Me)=N 2.05, 2.03 1.75, 1.55 23.2, 19.4 17.9, 16.8 
AlCH2Me -0.13, -0.14, 
-0.20, -0.33 
0.25-0.0 4.7, 1.7 1.4, -0.5 
AlCH2Me 0.98, 0.31 1.19, 0.74 13.6, 11.9 10.8, 8.7 
Ar i,o   150.3, 150.2, 
147.5, 147.6, 
146.7, 146.5 
143.2, 143.0, 
141.1, 140.5, 
140.0, 140.0 
Ar m,p 
7.14, 7.13, 
7.12, 7.09, 
7.09, 7.02 
7.1 130.8, 130.5, 
129.9, 129.5, 
129.0, 128.6 
126.7, 126.5, 
124.6, 124.5, 
124.4, 123.8 
Ar CHMe2 3.15, 2.87, 
2.76, 2.60 
3.21, 3.09, 
3.07, 3.01 
33.5, 33.3, 
32.2, 32.1 
28.3, 27.7, 
27.7, 27.5a 
Ar CHMe2 1.45, 1.32, 
1.28, 1.25, 
1.07, 1.06, 
0.97, 0.90 
1.41, 1.41, 
1.39, 1.37, 
1.11, 1.00, 
0.99, 0.97 
28.0, 27.8, 
27.3, 26.7, 
26.3, 25.5, 
24.3, 24.0 
26.0, 25.4, 
25.0, 25.0, 
24.9, 24.1, 
23.7, 23.1 
a
 Assignment tentative. 
Table 2 lists calculated and observed shifts for signals in the "characteristic" 
regions of 3.5-6.5 and 7.5-10.0 ppm, which are not obscured by aliphatic or aromatic 
ligand signals. The agreement is seen to be quite good. Moreover, the calculations 
confirm that no other characteristic resonances should be observed for any of the 
adducts discussed here. Formation of pyridine N adducts, as reported recently for Li,10 
Mg and Zn,13 can be ruled out here both on the basis of their calculated NMR shifts 
and by comparison with the NMR data for the Mg and Zn adducts. The C3 and imine 
N adducts are also calculated to have very characteristic shifts, allowing us to rule out 
their formation as well. In our opinion, calculation of NMR shifts can be a valuable 
tool in the assignment of spectra of mixtures. 
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Table 2. Calculated and observed characteristic 1H resonances for various complexes.
Complex Position calc obs 
Lbdip Py 3,5 8.76 8.40 a 
Py 4 7.86 7.22 a 
{Lbdip+Me(i)}AlMe2 Ar CHMe2 3.69, 2.84 3.97, 2.94 
{Lbdip+Me(2)}AlMe2 Py 3 5.05 5.16 
Py 4 6.29 6.32 
Py 5 5.77 5.74 
{Lbdip+Me(4)}AlMe2 Py 3,5 5.10 5.03 
Py 4 3.92 3.52 
{Lbdip+Me(N)}AlMe2 Py 3,5 6.56 b 
Py 4 4.88 b 
{Lbdip+Me(3)}AlMe2 Py 3 3.54 b 
Py 4 5.49 b 
Py 5 6.38 b 
{Lbdip+Me(Ni)}AlMe2 Py 3 6.33 b 
Py 4 4.94 b 
Py 5 5.64 b 
{Lbdip+Et(i)}AlEt2 Ar CHMe2 3.88, 3.72, 
2.50, 2.70 
4.38, ... 
{Lbdip+Et(2)}AlEt2 Py 3 5.12 5.12 
Py 4 6.33 6.29 
Py 5 5.71 5.66 
{Lbdip+Et(4)}AlEt2 Py 3,5 5.18 5.03 
Py 4 3.76 3.7 
{Lbdip+H(4)}AlMe2 Py 3,5 5.03 4.94 
Py 4 3.97 3.53 
(κ3-Lbdip)AlCl2+ Py 3,5 8.15 7.92 
 Py 4 8.60 8.63 
(κ1-im-Lbdip)AlMe3 Py 3 7.35 b 
 Py 4 7.75 b 
 Py 5 8.65 b 
(κ1-py-Lbdip)AlMe3 Py 3,5 8.57 b 
 Py 4 7.90 b 
a) The agreement is poorest in the free ligand Lbdip, which is probably due to the fact that the shifts are 
very sensitive to the pH of the NMR solution in that particular case. b) No signals attributable to these 
compounds were observed in any spectra.  
4.2.2 Following the reactions of Lbdip with Al alkyls 
The free ligand and Al alkyl (Me3Al, Et3Al, Et2AlCl, iBu3Al or iBu2AlH) were 
reacted in toluene (CH2Cl2 for iBu2AlH). The solvent was then removed in vacuo, the 
residue was dissolved in toluene-d8 and a spectrum was recorded. For Me3Al and 
Et2AlCl, the mixture was then sealed in an NMR tube, and spectra were recorded after 
keeping the sample for hours or days at elevated temperature. For Et3Al, the main 
product ({Lbdip+Et(2)}AlEt2) was first isolated, sealed in an NMR tube in toluene-d8, 
and its further rearrangements followed by NMR. Table 3 lists the composition of the 
initial reaction mixture for all compounds, and Figure 5 summarises the variations in 
concentration on heating. 
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Table 3. Composition of reaction mixture of Lbdip with Al alkyls, immediately after mixing, in mol%.
Al alkyl imine-
adduct 
2-adduct 4-adduct 
Me3Al 66 29 3a 
Et3Al 17 55 28 
Et2AlCl 9 78 13 
iBu3Al - - 6b 
iBu2AlH - - ≈ 100 
a) Plus ca 2 mol% {Lbdip+H(4)}AlMe2. b) Plus ca 1 mol% of {Lbdip+Me(4)}AlMe2 and ca 3 mol% of a 
second 4-iBu adduct; remainder appears to consist of coordination complex(es) of Lbdip. 
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Figure 5. Changes in composition (mol %) of Lbdip + Al alkyl mixtures.27 A = {Lbdip+Me(i)}AlMe2, B = 
{Lbdip+Me(2)}AlMe2, C = {Lbdip+Me(4)}AlMe2, D = {Lbdip+H(4)}AlMe2, E = {Lbdip+Et(2)}AlEt2, F = 
{Lbdip+Et(i)}AlEt2, G = {Lbdip+Et(4)}AlEt2, H = {Lbdip+Et(i)}AlEtCl + {Lbdip+Et(i)}AlEtCl’, I = 
{Lbdip+Et(2)}AlEtCl + {Lbdip+Et(2)}AlEtCl’, J = {Lbdip+Et(4)}AlEtCl + {Lbdip+Et(4)}AlEtCl’.
Reactions of Me3Al with Lbdip
The initial mixture showed formation of two major products: imine adduct 
{Lbdip+Me(i)}AlMe2 and C2 adduct {Lbdip+Me(2)}AlMe2, formed in a ca 1:2 ratio. In 
addition, small quantities of {Lbdip+Me(4)}AlMe2 and {Lbdip+H(4)}AlMe228, (ca 2 
mol% each) could be observed. On heating, {Lbdip+Me(2)}AlMe2 slowly converted to 
{Lbdip+Me(i)}AlMe2, but the reaction appeared to stop at a {Lbdip+Me(i)}AlMe2: 
{Lbdip+Me(2)}AlMe2 ratio of about 3:1; even prolonged heating did not cause further 
conversion. {Lbdip+H(4)}AlMe2 already disappeared early in the reaction, while 
{Lbdip+Me(4)}AlMe2 remained visible a little longer (both probably end up as dimers, 
as described below for other alkyls). 
From these observations, we draw the following conclusions: 
• The C2-adduct is one of the initial reaction products, and it can rearrange to 
imine adduct, possibly via reversion of the alkyl addition. 
• The formation of {Lbdip+Me(i)}AlMe2 from {Lbdip+Me(2)}AlMe2 is too 
slow to explain the initial formation of ca 30% of {Lbdip+Me(i)}AlMe2. This 
means that either {Lbdip+Me(i)}AlMe2 is in part also an initial product 
(competing with {Lbdip+Me(2)}AlMe2), or conditions later on in the reaction 
are less favourable for the conversion (possibly because the conversion is 
catalysed by free Me3Al, which at that time has been consumed). 
• The final 3:1 {Lbdip+Me(i)}AlMe2: {Lbdip+Me(2)}AlMe2 ratio might 
represent an equilibrium composition (at 120°C), or it might be that the 
reaction stopped at this point because any factor that assisted the reaction at 
an earlier stage has disappeared at this point. 
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It seems clear that the C2-adduct is a kinetic product, which for the largest part 
slowly converts to the thermodynamically more stable imine adduct, the product 
reported previously by Gibson. 
Reaction of Et3Al with Lbdip
The initial reaction mixture here contained little of the imine adduct. Instead, 
the major products were {Lbdip+Et(2)}AlEt2 and {Lbdip+Et(4)}AlEt2, in a ratio of 
about 2:1.30 On heating, the concentration of {Lbdip+Et(2)}AlEt2 slowly decreased and 
{Lbdip+Et(i)}AlEt2 was formed as a major product. We monitored the behaviour of 
purified C2 adduct {Lbdip+Et(2)}AlEt2 on heating. On gentle heating, the adduct 
partially converted to {Lbdip+Et(i)}AlEt2 and a small quantity of {Lbdip+Et(4)}AlEt2. 
Prolonged heating did not change the ratio of imine adduct versus 2-adduct, which 
remained close to 1:1. Instead, it resulted in slow decrease of all NMR signals 
attributable to derivatives of Lbdip. 
From these observations for Et3Al we conclude: 
• Complex {Lbdip+Et(i)}AlEt2 can be formed via {Lbdip+Et(2)}AlEt2, like 
{Lbdip+Me(i)}AlMe2 from {Lbdip+Me(2)}AlMe2. The surprise is that we now 
see no direct formation of imine adduct. Complex {Lbdip+Et(4)}AlEt2 can be 
formed via {Lbdip+Et(2)}AlEt2 as well; whether it can also be formed 
directly cannot be established with certainty. 
• The most plausible explanation for the "stopping" of the conversion of 
{Lbdip+Et(2)}AlEt2 to {Lbdip+Et(i)}AlEt2 is the attainment of chemical 
equilibrium at a ca 1:1 ratio; similarly, the above constant 
{Lbdip+Me(i)}AlMe2 : {Lbdip+Me(2)}AlMe2 ratio then most likely represents 
the equilibrium composition for the methyl case. It seems reasonable that 
steric hindrance would be more severe for imine adducts than for C2 
adducts, and for ethyl over methyl groups, which is consistent with the 
observed ratios: 
{Lbdip+Et(i)}AlEt2
{Lbdip+Et(2)}AlEt2
{Lbdip+Me(i)}AlMe2
{Lbdip+Me(2)}AlMe2 >
 
• The cause of the eventual decrease of the signals is not clear at present. 
Some solid material is formed, but not enough to explain the dramatic 
decrease in signal intensity. It could be that the eventual product is the dimer 
of {Lbdip+Et(4)}AlEt2 (we have never observed NMR signals for such 
dimers). 
Reaction of Et2AlCl with Lbdip
The initial reaction mixture showed mainly pyridine ring adducts 
{Lbdip+Et(2)}AlEtCl and {Lbdip+Et(4)}AlEtCl (ca 6:1); traces of a second isomer 
{Lbdip+Et(2)}AlEtCl’ were also visible, as was about 9 mol% of {Lbdip+Et(i)}AlEtCl. 
On heating, {Lbdip+Et(i)}AlEtCl/{Lbdip+Et(i)}AlEtCl’ started to form, and the 
intensities of {Lbdip+Et(2)}AlEtCl and its isomer became similar. Conversion of 
{Lbdip+Et(2)}AlEtCl and its isomer to {Lbdip+Et(i)}AlEtCl and its isomer seemed to 
stop at a ratio of about 1:3. 
The formation of two isomers of {Lbdip+Et(2)}AlEtCl and {Lbdip+Et(i)}AlEtCl 
can reasonably be explained by partial exchange of the Et and Cl groups at Al to give 
diastereomers {Lbdip+Et(2)}AlEtCl’ and {Lbdip+Et(i)}AlEtCl’, as illustrated in 
Scheme 3.31 
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Scheme 3. Diasteromeric products that could be formed from Lbdip and Et2AlCl.
Even though preparative-scale experiments produced crystals of the dimer of 
{Lbdip+Et(4)}AlEtCl,1a no resonances clearly attributable to this complex are observed 
in any of the spectra. 
Reaction of iBu3Al and iBu2AlH with Lbdip
Spectra of the initial reaction mixture of iBu3Al and Lbdip showed formation of 
only very small amounts of adducts (ca 6 mol% of {Lbdip+iBu(4)}AliBu2, ca 1 mol% 
{Lbdip+H(4)}AliBu2). In addition, shifted ligand resonances were observed, which 
might indicate formation of one or more coordination complexes. On heating for 
longer periods, a precipitate was formed which X-ray diffraction studies indicated to 
be the dimer of {Lbdip+H(4)}AliBu2. The same dimer was prepared more conveniently 
from iBu2AlH and Lbdip. The spectrum from this reaction, directly after mixing the 
reagents in CH2Cl2 and evaporation of the solvent, showed mainly 
{Lbdip+H(4)}AliBu2 (judging from the characteristic triplets at 4.8 and 3.5 ppm) and 
no other recognizable complexes; work-up after warming produced pure dimer. 
Reaction of AlCl3 with Lbdip
Heating Lbdip and AlCl3 (1:1) in toluene produced an orange solution, from 
which two types of crystals deposited on cooling. One type looked like the free 
ligand; the other was shown by X-ray diffraction (see below) to contain [LbdipAlCl2]+ 
cations and AlCl4- anions. The 1H NMR spectrum of a solution of these crystals 
shows clear but broadened low-field resonances for the pyridine H4 (8.77 ppm) and 
H3,5 (8.06) protons, which agree well with shifts calculated for the cation (Table 2). 
Crystals of [LbdipAlCl2][AlCl4] contain two independent molecules as well as 
two molecules of toluene. Figure 6 refers to one of the cations. 
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Figure 6. X-ray structure of [LbdipAlCl2]+, hydrogens are omitted for clarity. Selected bond lengths [Å] 
and angles [°]: Al-N1 1.958(9), Al-N2 2.083(6), Al-N3 2.076(6), Al-Cl1 2.212(3), Al-Cl2 2.112(3), C1-
C2 1.500(11) C2-N2 1.289(9), C2-C3 1.471(11), C3-N1 1.322(9), C3-C4 1.396(11), C4-C5 1.370(12), 
C5-C6 1.374(12), C6-C7 1.391(11), C7-N1 1.338(10), C7-C8 1.475(11), C8-C9 1.487(11), C8-N3 
1.286(9), N1-Al-Cl1 101.5(2), N1-Al-Cl2 146.2(2), Cl1-Al-Cl2 112.29(13), N2-Al-N3 149.4(3). 
Radical species 
In parallel experiments, EPR spectra were recorded of the reaction mixtures. 
These measurements indicated the presence of LbdipAlR2· radicals in amounts varying 
from 1% (Me3Al) to ca 0.01% (iBu3Al). LbdipAlMe2· was also found by Gambarotta 
when reacting Me3Al with LbdipFeCl2. In this case, the yield was much higher 
(isolated yield 38%), and he was able to crystallise the molecule.1c Furthermore, 
Gibson also noted formation of paramagnetic species in reactions of bimpy ligands 
with alkylmagnesium and alkylzinc compounds.13 
The description of these complexes as divalent Al species is deceiving given 
the established ability of bimpy ligands to embark in electron transfer reactions.32 
Thus, LbdipAlMe2· is more appropriately described as [Lbdip-•AlIIIMe2], with the 
unpaired electron mainly centered on the one-electron reduced bimpy radical anion. 
Accordingly, the EPR spectrum (Figure 7) shows the complexity of an organic 
radical. A satisfactory simulation of the experimental spectrum was obtained using 
parameters consistent with a substantial delocalisation of the spin density over the 
bimpy backbone, with hyperfine couplings (HFC’s) to Al (AAl), the pyridine N (A1N), 
two equivalent imine N’s (A2N), the pyridine ring proton H4 (A1H), two equivalent 
ring protons H3,5 (A2H) and a set of six equivalent protons (A6H) corresponding to the 
two equivalent imine methyl groups (see Table 4). 
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Figure 7. Solution X-band EPR spectrum of LbdipAlMe2·, which is present up to 1% in solution after 
reacting Lbdip and Me3Al.
The possibility that AH6 could also stem from coupling with the six equivalent 
protons of the two Al-bound methyls was clearly ruled out by DFT calculations.33,34,35 
From the optimised geometry35 of LbdipAlMe2·, the EPR parameters were calculated 
with both ORCA33 and ADF36. ORCA gave the most satisfactory results, in good 
agreement with the experimental parameters (Table 4). 
Table 4. Experimental and DFT-EPR properties of LbdipAlMe2a
 Nuclear spin 
(# of equiv atoms) 
Exp. 
(sim) 
ORCA 
(B3LYP) 
ADF 
(BP86) 
giso  1.998 2.0031 2.0034 
AAl 5/2 14.61 20.90 17.40 
A1N 1 11.85 9.90 7.20 
A2N 1 (2) 5.70 4.60 b 3.20 b 
A1H ½ 18.57 15.80 13.10 
A2H ½ (2) 5.13 4.50 b 1.70 b 
A6H ½ (6) 7.77 6.50 b 0.48 b 
AMe ½ (6) <0.5 0.11 b 0.03 b 
a
 Absolute values of the HFC’s in MHz; b Average of non-equivalent atoms in the static DFT structure 
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Figure 8. SOMO of LbdipAlMe2· (Turbomole/Molden, B3LYP, TZVP basis set)
The SOMO consists mainly of the bimpy π* orbital of Lbdip-1, with small 
antibonding contributions from σ* Al-C orbitals, and a negligible contribution from 
Al itself (Figure 8). Substantial delocalisation of the spin density over the bimpy part 
of LbdipAlMe2· is clear from a spin density plot (Figure 9). 
 
Figure 9. Spin density plot of LbdipAlMe2· (Turbomole/Molden, B3LYP, TZVP basis set)
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Dimer formation 
To obtain insight in the remarkable dimerisation reaction displayed by the 4-
adducts, we have calculated the reaction between the C3 and C5 carbons of two units 
{ALbcal+Et(4)}AlEtCl. At first sight, it seems reasonable to expect dimerisation to 
follow a more or less synchronous path for forming the two new C-C bonds. 
However, despite extensive searches such a symmetric path could not be located. 
Inspection of relevant orbitals shows that the symmetric approach is symmetry-
forbidden, making a non-synchronous biradical path likely. Indeed, we found that 
approach of two monomers {ALbcal+Et(4)}AlEtCl easily leads to single C-C coupling 
with a modest barrier of 13.4 kcal/mol (see Figure 1). 
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Figure 10. Bond distances in the transition state for the first C-C bond formation from two units of 
{ALbcal+Et(4)}AlEtCl. Distances are symmetry-averages over the two approaching monomers.
The resulting intermediate is essentially a biradical (<Ŝ2> = 1.01). After it has 
been formed, the two halves of the molecule rotate with respect to each other around 
the newly formed C-C bond to allow the radical centres to approach each other and so 
form the second C-C bond. The energy profile for this rotation is extremely flat. The 
final stages of the approach were followed by constrained geometry optimisations; 
Figure 11 shows the energy profile and the decrease in biradical character on giving 
the dimerised product. This is 7.0 kcal/mol below the monomer, indicating that this 
reaction is indeed downhill. 
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Figure 11. Energy profile for formation of the second C-C bond of the {ALbcal+Et(4)}AlEtCl dimer: 
relative energy (▲) and <S2> value (■).
The symmetry-forbidden character of the direct, synchronous dimerisation 
path explains why we find a non-synchronous biradical path for this reaction. It does 
not, however, explain the surprisingly low barrier we calculate for the non-
synchronous path. One possible explanation is the more efficient delocalisation of 
negative charge over the two imine nitrogens in the dimer (in the monomer it is 
formally localised on the pyridine nitrogen). In addition, {ALbcal+Et(4)}AlEtCl is 
cross-conjugated, which is in general less favourable than the linear conjugation over 
the NCCNCCN path seen in the dimer. However, we do not believe that the 
calculated barrier of 13.4 kcal/mol for the biradical path is very accurate, since it is 
notoriously difficult to calculate accurate relative energies for open-shell and closed-
shell species. Presumably, the most one can say on the basis of our calculations is that 
C-C coupling is "relatively easy".37 
4.3 Conclusions 
The reaction of Lbdip with Al alkyls is surprisingly complex and features 
alkylation at the C2, C4 and imine carbons. These additions are in part reversible. The 
C4 adduct can dimerise to form the tricyclic ligand skeleton observed earlier for a 
chromium derivative. Calculations indicate that for the dimers of the 4-adducts, the 
dimerisation follows a non-synchronous biradical pathway; there seems to be no 
reason why the Cr system9 would not follow the same route. The newly formed six-
membered ring has all substituents in a well-defined stereoselective orientation, which 
suggests this reaction might have some potential in organic synthesis. 
The underlying mechanism for these alkyl transfers is not quite clear at the 
moment. The detected radical species may be significant for this mechanism. A 
detailed discussion of possible pathways will be presented in chapter 7. 
4.4 Experimental 
General 
All manipulations were carried out under an atmosphere of argon using 
standard Schlenk techniques or in a conventional nitrogen-filled glovebox. Solvents 
were refluxed over an appropriate drying agent and distilled prior to use. NMR 
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spectra were recorded on Varian and Bruker spectrometers at ambient temperature. 
For NMR spectra of mixtures, only clearly separated signals are reported here. 
Lbdip + Me3Al 
218 mg light yellow Lbdip (453 μmol) was suspended in 5 ml toluene. 65.3 μl 
Me3Al was added (679 μmol; 1.5 equiv.) which resulted in the formation of a yellow-
brown solution. The solution was evaporated till dryness, and a 1H-NMR spectrum 
was recorded in C7D8, after which the NMR tube was sealed. 1H-NMR spectra at 
room temperature were recorded again after heating at 60 °C for 22h, after heating at 
85 °C for 72h, after heating at 120 °C for 72h and after heating at 120 °C for a final 
96h. The following signals could be assigned (part of the 1H-NMR data is from a 
separate experiment and recorded in C6D6, where COSY and NOESY data allowed a 
more complete assignment; assignments for {Lbdip+Me(i)}AlMe2 were verified by 
comparison with an authentic sample of pure {Lbdip+Me(i)}AlMe211): 
{Lbdip+Me(i)}AlMe2. 1H NMR (400 MHz, C6D6): δ 3.97, 2.94 (sept, 2H each, 
3JHH = 6.8 Hz, CH(CH3)2), 1.67 (s, 3H, N=CCH3), 1.46 (s, 6H, NC(CH3)2), 1.39, 1.38, 
1.32, 0.97 (d, 6H each, 3JHH = 6.8 Hz, CH(CH3)2), -0.52 (s, 6H, Al(CH3)2). 13C NMR
(50 MHz, C6D6): δ 174.0 (N=CCH3) 163.1 (Py C6), 155.6 (Py C2) 62.0 (NC(CH3)2), 
-4.0 (Al(CH3)2). 
{Lbdip+Me(2)}AlMe2. 1H NMR (400 MHz, C6D6): δ 6.32 (dd, 1H, 3JHH = 6.0 
and 8.8 Hz, Py H4), 5.74 (dd, 1H, 3JHH = 6.0 Hz, 4JHH = 0.6 Hz, Py H5), 5.16 (dd, 1H, 
3JHH = 8.8, 4JHH = 0.6 Hz, Py H3), 3.16, 3.07, 3.04, 2.89 (sept, 1H each, 3JHH = 6.8 Hz, 
CH(CH3)2), 1.77, 1.52 (s, 3H each, N=CCH3), 1.39, 1.35, 1.34, 1.32, 1.00, 0.94, 0.85, 
0.85 (d, 3H each, 3JHH = 6.8 Hz, CH(CH3)2), –0.43, -0.66 (s, 3H each, AlCH3). 
{Lbdip+Me(4)}AlMe2. 1H NMR (400 MHz, C7D8): δ 5.03 (d, 2H, 3JHH = 3.8 
Hz, Py H3,5) 3.52 (m, 1H, Py H4). 
{Lbdip+H(4)}AlMe2. 1H NMR (400 MHz, C7D8): δ 4.94 (t, 2H, 3JHH = 3.8 Hz, 
Py H3,5) 3.53 (t, 2H, 3JHH = 3.8 Hz, Py H4). 
Synthesis of {Lbdip+Et(2)}AlEt2
To 0.296 g Lbdip (0.615 mmol) in 3 ml of hexane, 0.74 ml 1M Et3Al in hexane 
was added, which resulted in a colour change from yellow to green. The suspension 
was stirred overnight at room temperature, after which it was cooled to -30 ºC for one 
week. It was filtered, the orange-yellow residue was washed with 5 ml of ice-cold 
hexane and dried in vacuo. 1H NMR showed that this was pure {Lbdip+Et(2)}AlEt2, of 
which all peaks could be assigned.  
{Lbdip+Et(2)}AlEt2. 1H NMR (400 MHz, C6D6): δ 7.11-7.07 (m, 6H, Ar H), 
6.29 (dd, 1H, 3JHH = 5.8 and 8.8 Hz, Py H4), 5.66 (dd, 1H, 3JHH = 5.8 Hz, 4JHH = 0.7 
Hz, Py H5), 5.12 (dd, 1H, 3JHH = 8.8 Hz, 4JHH = 0.7 Hz, Py H3), 3.21, 3.09, 3.07, 3.01 
(sept, 1H each, 3JHH = 6.8 Hz, CH(CH3)2), 2.45-2.36, 1.31-1.23 (m, 1H each, Py-C2-
CH2CH3), 1.74, 1.55 (s, 3H each, N=CCH3), 1.41 (2×), 1.39, 1.37, 1.11, 1.00, 0.99, 
0.97 (d, 3H each, 3JHH = 6.8 Hz, CH(CH3)2), 1.19, 0.73 (t, 3H each, 3JHH = 8.0 Hz, 
AlCH2CH3), 0.90 (t, 3H, 3JHH = 8.0 Hz, Py-C2-CH2CH3), 0.23-0.09, 0.10-0.02 (m, 2H 
each, AlCH2CH3). 
 
13C NMR (50 MHz, C6D6): δ 183.1, 173.8 (N=CCH3) 146.2, 143.2, 143.0, 
141.1, 140.5, 140.0 (2×) (Py C6, Ar Ci, Ar Co), 126.7, 126.5, 124.6, 124.5, 124.4, 
123.8 (Ar Cm, Ar Cp), 126.2 (PyC4), 114.2 (Py C5), 101.7 (Py C3), 67.5 (Py C2), 
28.6, 28.3, 27.7 (2×), 27.5 (CH(CH3)2), Py-C2-CH2CH3), 26.0, 25.4, 25.0 (2×), 24.9, 
24.1, 23.7, 23.1 (CH(CH3)2), 17.9, 16.8 (N=CCH3), 10.8, 8.7 (AlCH2CH3), 6.2 (Py-
C2-CH2CH3), 1.4, -0.5 (AlCH2CH3). 
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Anal. Calcd (%) for C39H58N3Al: C 78.61, H 9.81, N 7.05. Found: C 78.74, H 9.05, 
N 7.87. 
Heating of {Lbdip+Et(2)}AlEt2
Spectra were recorded after heating a sealed C7D8 solution of pure 
{Lbdip+Et(2)}AlEt2 at 60 °C for 22h, at 85 °C for another 24h, at 110 °C for another 
24h, at 110 °C for another 72h, at 145 °C for another 48h and at 145 °C for a final 
48h. Apart from {Lbdip+Et(2)}AlEt2 (vide supra) the following signals could be 
assigned: 
{Lbdip+Et(i)}AlEt2. 1H NMR (200 MHz, C6D6): δ 4.38 (sept, 1H, 3JHH = 6.8 
Hz, CH(CH3)2) (assignments verified by comparison with an authentic sample of pure 
{Lbdip+Et(i)}AlEt211).
{Lbdip+Et(4)}AlEt2. 1H NMR (400 MHz, C6D6): δ 5.03 (d, 2H, 3JHH = 3.8 Hz, 
Py H3,5), 3.70-3.65 (m, 1H, Py H4), 1.70 (s, 6H, N=CCH3). 
Crystallisation of {Lbdip+Et(2)}AlEt2
In a separate experiment 0.26 g 1 (0.55 mmol) was suspended in 10 ml toluene 
of -50 °C and 0.6 ml 1M Et3Al in hexanes (0.60 mmol; 1.1 equiv.) was added, which 
resulted in a colour change from yellow to light orange. Warming up to room 
temperature resulted in a darkening of this colour. On slow evaporation crystals were 
grown, which were suitable for X-ray diffraction. 
Lbdip + Et2AlCl 
To 0.140 g Lbdip (291 μmol) in 5 ml toluene, 0.34 ml of a ca 1 M solution of 
Et2AlCl in hexanes (336 μmol, 1.16 equiv.) was added, which resulted in a colour 
change from yellow to yellow-green. The solution was evaporated till dryness, 
redissolved in C7D8 and sealed in an NMR tube. A 1H NMR spectrum was recorded 
immediately, then after heating 22h at 60 °C (solution has become yellow-brown) and 
after 24h at 85 °C (solution has become brown). Spectra recorded after further heating 
were broad and featureless. The following signals could be assigned: 
{Lbdip+Et(i)}AlEtCl: 1H NMR (300 MHz, C7D8): δ 4.52 (sept, 1H, 3JHH = 6.8 
Hz, CH(CH3)2).
{Lbdip+Et(2)}AlEtCl: 1H-NMR (300 MHz, C7D8): δ 6.12 (dd, 1H, 3JHH = 5.8 
and 8.8 Hz, Py H4), 5.56 (d, 1H, 3JHH = 6.0 Hz, Py H5), 5.16 (d, 1H, 3JHH = 9.0, Py 
H3), 1.72, 1.56 (s, 3H each, N=CCH3) 0.74 (t, 3H, 3JHH = 8.0 Hz, AlCH2CH3), 0.10 
(quart, 2H, 3JHH = 8.0 Hz, AlCH2CH3). 
{Lbdip+Et(4)}AlEtCl: 1H NMR (300 MHz, C7D8): δ 5.10 (d, 2H, 3JHH = 3.8 
Hz, Py H3,5). 
Lbdip + iBu3Al 
To 0.214 g Lbdip (444 mmol) in 5 ml toluene 0.367 g 1 M iBu3Al (1.19 equiv.) 
was added, which resulted in a colour change from yellow to brown. The solution was 
evaporated till dryness, redissolved in C7D8 and sealed in an NMR tube. A 1H NMR 
spectrum was recorded immediately. The solution changed colour on heating (first to 
red and then to purple-red), but spectra recorded after heating showed mostly broad 
lines and were not readily interpretable; purple crystals formed from the solution after 
heating proved to be ({Lbdip+H(4)}AliBu2)2 (Xray). In the initial spectrum, the 
following signals could be assigned: 
{Lbdip+iBu(4)}AliBu2: 1H NMR (400 MHz, C6D6): δ 5.09 (d, 2H, 3JHH = 4.1 
Hz, Py H3,5), 3.81-3.73 (m, 1H, Py H4). 
{Lbdip+H(4)}AliBu2: 1H NMR (400 MHz, C6D6): δ 4.87 (t, 2H, 3JHH = 3.8 Hz, 
PyH3,5), 3.54 (t, 2H, 3JHH = 3.8 Hz, Py H4). 
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Lbdip + iBu2AlH 
To 0.505 g Lbdip (1.05 mmol) in 10 ml of hexane, 1.15 ml 1 M iBu2AlH (1.10 
equiv.) was added, which resulted in a colour change from yellow to green. Crystals 
formed from this solution on cooling proved to be green {Lbdip+H(4)}AliBu2. The 
solution was heated at 110 °C for 2 hours, which resulted in a colour change to purple. 
After cooling down overnight, 70 mg (10.7 %) crystals suitable for X-ray diffraction 
had formed; they were identified as ({Lbdip+H(4)}AliBu2)2, identical to the crystals 
formed from iBu3Al, by comparison of the observed and calculated powder diffraction 
patterns. Unfortunately, the poor solubility of the product did not allow recording of 
NMR spectra. The clearest initial 1H NMR spectrum was obtained by mixing Lbdip 
and iBu2AlH in CH2Cl2, removing the solvent and then recording the spectrum in 
toluene-d8; data in Table 3 are based on such a spectrum. 
Anal. Calcd (%) for C82H124N6Al2 (({Lbdip+H(4)}AliBu2)2): C 78.93, H 10.02, N 
6.73, Al 4.32. Found: C 78.64, H 9.90, N 6.84, Al 4.22. 
Lbdip + AlCl3 
To 224 mg Lbdip (yellow, 0.47 mmol), 62 mg AlCl3 (yellow; 0.465 mmol; 1.0 
eq.) and 15 ml of toluene were added, which resulted in light orange suspension. This 
was heated to 87 °C and then slowly cooled, upon which two types of crystals formed: 
small yellow needles that looked liked free ligand, as well as larger shiny yellow-
orange cubes that were structurally characterised as [LbdipAlCl2][AlCl4]. 
[LbdipAlCl2][AlCl4]: 1H NMR (200 MHz, C6D6): δ 8.63 (t, 1H, 3JHH = 7.7 Hz, 
Py H4), 7.92 (d, 2H, 3JHH = 7.7 Hz, Py H3,5), 7.17-7.02 (m, 6H, Ar H), 2.88 (sept, 
4H, 3JHH = 6.6 Hz, CH(CH3)2), 2.03 (s, 6H, N=CCH3), 1.33, 1.03 (d, 12H each, 3JHH = 
6.6 Hz, CH(CH3)2). 
Anal. Calcd (%) for C33H43N3Cl6Al2·C7H8: C 57.16, H 6.12, N 5.00, Cl 25.31. 
Found: C 56.96, H 6.13, N 5.09, Cl 25.53. 
Structure determination of {Lbdip+Me(i)}AlMe2, {Lbdip+Et(2)}AlEt2, 
{Lbdip+H(4)}AliBu2, its dimer and [LbdipAlCl2][AlCl4]. 
The molecular structures of {Lbdip+Me(i)}AlMe2, {Lbdip+Et(2)}AlEt2, 
({Lbdip+H(4)}AliBu2)2, and Lbdip·AlCl3 were determined by single-crystal X-ray 
diffraction. For measurement of {Lbdip+Et(2)}AlEt2, the crystal was mounted in a 
glass capillary. The structures were solved by the PATTY option38 of the DIRDIF 
program system.39 Notes on individual structures: 
{Lbdip+Me(i)}AlMe2: the structure contained one co-crystallised molecule of 
toluene in a general position, and one molecule of toluene located over an inversion 
centre. Although the geometry of the Al complex is quite acceptable, the geometries 
of the toluene solvent molecules certainly are not. The toluene molecule in a general 
position had to be constrained rather strictly in order to keep the geometry acceptable. 
The other toluene molecule has a symmetry-imposed disorder; we did not locate or 
calculate hydrogen positions for this solvent molecule. As a consequence the thermal 
displacement parameters of the toluene molecules are rather large and no conclusions 
may be derived based on these molecules. Nevertheless, we are convinced that the 
connectivity and geometry of the Al complex are correct and accurate enough. 
{Lbdip+Et(2)}AlEt2: the unit cell of consisted of two independent molecules 
with only minor geometrical differences. 
{Lbdip+H(4)}AliBu2: the molecular structure was found to contain half a 
molecule of hexane per formula unit of {Lbdip+H(4)}AliBu2. The poor crystal quality 
and the weak diffracting power resulted in a dataset of inferior quality and some 
unacceptable thermal displacement parameters. However, the connectivity and the 
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bond angles and distances seem to be reliable. The hexane solvent molecule should be 
treated carefully. 
({Lbdip+H(4)}AliBu2)2: the asymmetric unit consists of only half a molecule, 
since the dimer is positioned around an inversion centre. 
[LbdipAlCl2][AlCl4]: this structure, like that of {Lbdip+Et(2)}AlEt2, similarly 
contained two crystallographically independent molecules. In addition, one molecule 
of toluene per [LbdipAlCl2][AlCl4] was found to be present in the lattice. The crystal 
structure determination of [LbdipAlCl2][AlCl4] was hampered by the poor crystal 
quality. Some of the chlorine atoms of the AlCl4 moieties show large molecular 
displacement parameters, even though the data were collected at -65ºC. It proved to 
be impossible to describe this disorder; all attempts to do so led to instable 
refinements. The same holds to a lesser extent for one of the isopropyl CH3 carbons 
and one of the ipso carbons of a diisopropylphenyl group. The 4 highest peaks in the 
difference Fourier map (1.76 to 1.14 e/Å3) are all close to the above-mentioned 
chlorine atoms; the fifth peak is only 0.40 e/Å3. 
The crystal data and a summary of the data collection and structure refinement for all 
four structures are given in Table 5. The structure and part of the atomic numbering is 
shown in Figure 1 ({Lbdip+Me(i)}AlMe2), Figure 2 ({Lbdip+Et(2)}AlEt2), Figure 3 
({Lbdip+H(4)}AliBu2), Figure 4 (dimer of {Lbdip+H(4)}AliBu2) and Figure 6 
(Lbdip·AlCl3).40 
Table 5. Crystal data and structure analysis results.
Compound {Lbdip+Me(i)}
AlMe2
{Lbdip+Et(2)}
AlEt2
{Lbdip+H(4)}
AliBu2
dimer of 
{Lbdip+H(4)}
AliBu2)2
[LbdipAlCl2]
[AlCl4]
Crystal colour translucent
brown-red 
transparent
dark yellow-
brown
green dark red transparent
light yellow
Crystal shape rough 
fragment 
regular thick 
platelet
rough platelet regular 
fragment
rough fragment
Crystal size 
(mm)
0.31 × 0.31 × 
0.22 
0.32 × 0.23 × 
0.10
0.21 × 0.18 × 
0.08 
0.19 × 0.16 × 
0.13
0.19 × 0.13 × 
0.10
Emp. formula C46.5 H64AlN3 C39H58AlN3 C44H69AlN3 C82H124Al2N6 C40H51Al2Cl6N3
Formula weight 691.99 595.86 667.00 1247.83 840.50
Temperature (K) 208(2) 
Radiation / 
Wavelength (Å)
MoKα (graphite monochromated) / 0.71073 
Crystal system 
space group
Triclinic
P-1 
Triclinic
P-1
Monoclinic,
P21/c 
Monoclinic
P21/c
Monoclinic
P21/n
# reflections for 
cell 
42 40 51 70 110254
a (Å) 9.6818(6) 12.8955(15) 13.1131(15) 10.653(3) 24.292(5) 
b (Å) 10.8761(7) 16.811(3) 14.230(2)) 16.9159(15) 13.808(3) 
c (Å) 21.6405(17) 17.1893(19) 22.256(3) 21.622(3) 27.336(5) 
α (º) 100.973(6) 87.810(19) 94.088(10) 90 90 
β (º) 99.380(5) 79.367(11) 90 95.783(16) 102.06(3) 
γ (º) 104.004(5) 89.436(18) 90 90 90 
Volume (Å 3) 2117.7(3) 3659.7(9) 4142.5(10) 3876.7(13) 8966(3)
Z, dcalc (Mg/m3) 2, 1.085 4, 1.081 4, 1.069 2, 1.069 8, 1.245
Absorption 
coefficient (mm-
1)
0.081 0.084 0.081 0.082 0.453
Diffractometer/ 
scan
Nonius KappaCCD with area detector φ and ω scan 
F(000) 754 1304 1468 1368 3520
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θ range for data 
collection (º)
2.22 to 25.00 3.07 to 24.00 2.11 to 20.00 3.06 to 25.00 4.51 to 22.00
Index ranges -11≤h≤11
-12≤k≤12
-25≤l≤25 
-14≤h≤14
-19≤k≤19
-19≤l≤19
-12≤h≤12
-13≤k≤13
-21≤l≤21
-12≤h≤12
-20≤k≤20
-25≤l≤25 
-25≤h≤25
-14≤k≤14
-28≤l≤28
Collected / 
Unique
25674/ 7437
[Rint = 
0.0474] 
98451/ 11472
[Rint = 0.1142]
40058/ 3866
[Rint = 
0.4445] 
65449/ 6811
[Rint = 
0.1215]
110254/ 10903
[Rint = 0.1279]
Observed 
([Io>2σ(Io)])
4772 7568 2010 500 7112
Abs. corr. SADABS multiscan correction41 
Refinement Full-matrix least-squares on F2 
Computing SHELXL-9742 
Data / restraints / 
parameters
7437/ 15/ 483 11472/ 0/ 801 3866/ 0/ 448 6811/ 0/ 420 10903/ 0/ 941
Goodness-of-fit 
on F2
1.032 1.099 1.131 1.068 1.042
SHELXL-97 
weight 
parameters
0.0633, 
2.4332 
0.0347, 3.4821 0.0000, 
45.9892 
0.0771, 
3.5378
0.0912, 48.6697
Final R indices 
[I>2σ(I)]
R1 = 0.0701
wR2 = 
0.1544 
R1 = 0.0749
wR2 = 0.1271
R1 = 0.1456
wR2 = 
0.2523 
R1 = 0.0728
wR2 = 
0.1737
R1 = 0.0968
wR2 = 0.2133
R indices 
(all data)
R1 = 0.1220
wR2 = 
0.1802 
R1 = 0.1251
wR2 = 0.1431
R1 = 0.2387
wR2 = 
0.2946 
R1 = 0.1022
wR2 = 
0.1916
R1 = 0.1474
wR2 = 0.2422
Largest diff. 
peak and hole 
(e/Å3)
0.782 and -
0.371 
0.223 and -
0.242
0.431 and -
0.310 
0.529 and -
0.402
1.757 and -
1.457
Calculations 
All geometry optimisations were carried out with the Turbomole program35,,43 
coupled to the PQS Baker optimizer.44,45 Geometries were fully optimised as minima 
or transition states at the unrestricted bp8646,47/RIDFT48 level using the Turbomole 
SV(P) basisset49 on all atoms. Gaussian9823 was used to calculate chemical shifts 
using the GIAO formalism22, the B3LYP functional24 and the 6-311G** basis.25 For 
the model systems with ALbcal, all stationary points were characterised by vibrational 
analyses (numerical frequencies); ZPE and thermal (enthalpy and entropy) corrections 
(1 bar, 273K) from these analyses are included. For these systems, all energies are 
free energies. 
The EPR parameters50 of LbdipAlMe2· were calculated from a single point SCF 
calculation with the program ORCA33, using the B3LYP24 functional and TZVP51 
basis set (identical to those in Turbomole) supplied with the program. The coordinates 
from the structure optimised in Turbomole were used as input for the ORCA 
calculations, performed according to the spin unrestricted coupled-perturbed Kohn-
Sham formalism, which expresses the g-tensor as a second-order response property 
with respect to homogeneous external magnetic field and spin-orbit coupling (SOC) 
perturbations.52 Calculation of the hyperfine interactions takes the appropriate SOC 
effects into account.53  
EPR properties were also calculated with the ADF36 program system using the 
BP8646,47 functional with the ZORA/V basis sets supplied with the program (triple-ξ 
plus two polarisation functions on all atoms), again using the optimised geometry 
from Turbomole as input. Orbitals and spin densities were visualised with the Molden 
program.54 
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5.1 Introduction 
Inspired by the findings of Brookhart and Gibson concerning olefin 
polymerisation with late transition metal complexes,2 many research groups have 
turned their interest to this field. The bimpy ligand originally used by Brookhart and 
Gibson has remained dominant in this area. Reactivity studies of its complexes have 
clearly revealed its non-innocent character. Acceptance of one, two or three electrons, 
alkyl attack at virtually every position of the ligand backbone as well as dimerisation 
reactions involving one or two C-C couplings have been observed.3 Moreover, the 
reactivity described is not limited to transition metal complexes of bimpy. Whether or 
not this remarkably multifaceted non-innocence is relevant to catalysis, it merits 
research on its own behalf. 
In chapter 4 we investigated the reactivity of bimpy in combination with 
aluminium alkyl compounds. Alkyl attack on the imine carbon and on the pyridine C2 
and C4 positions was observed, as well as dimerisation following the C4 attack. 
Earlier studies have shown that alkyl lithium compounds also attack the bimpy ligand 
framework, but have a preference for the pyridine N position. 1,4 
In this chapter we study the reactivity of bimpy with other main-group metal 
alkyl compounds. In this manner we hope to obtain a more complete picture of 
bis(imine) pyridine ligand reactivity and to elucidate the factors that determine the 
course of the alkyl attack. 
5.2 Results and discussion 
In chapter 4, we reported characteristic 1H NMR signals for most products of 
alkyl attack on Lbdip. Signals due to the former pyridine ring protons (for ring attack) 
and to an isopropyl methine resonance (for imine attack) make identification of the 
products relatively straightforward.5 Although that work covered aluminium 
compounds, one would expect these characteristic signals not to be very dependent 
upon the nature of the main-group metal used. Therefore, we expect identification of 
the products of addition of magnesium, zinc, gallium and indium alkyls to be 
relatively straightforward. Furthermore, 1H NMR shifts of several Zn and Mg 
pyridine ring N and C2 adducts have been published.1 Table 1 shows the results 
obtained for the most characteristic signals, the pyridine hydrogens. Indeed the 
agreement is quite convincing, especially because all these signals also have distinct 
coupling patterns. 
Table 1. Observed (Al, Zn, Mg) and calculated shifts of pyridine N and C2 adducts of Lbdip for various 
main-group metal alkyl compounds.
 M, R Py-H3 Py-H4 Py-H5 
Lbdip+(2)MRn Al, Et(cal)6 5.12 6.33 5.71 
 Al, Et(obs) 5.12 6.29 5.66 
 Zn, Et 5.11 6.64 5.59 
 Mg, Bub 4.78 6.34 5.32b 
Lbdip+(4)MRn Al, Et(cal)6 5.18 3.75 a 
 Al, Et(obs) 5.03 3.7 a 
 Zn, Etc 5.42 3.59 a 
 Mg, Bu - - - 
Lbdip+(N)MRn Al, Me(cal)6 6.56 4.88 a 
 Al(obs) - - - 
 Zn, Et 6.75 5.52 a 
 Mg, Bud 6.76 5.47 a 
a) Py-H3 and Py-H5 give one doublet b)Average of 2 products c)Lbmes d)Major product of 3 products 
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Et2Zn + bimpy
When Lbmes was treated with 1 equivalent of Et2Zn, pyridine N-adduct 
{Lbmes+Et(N)}ZnEt was formed as the main product. Furthermore, a small amount of 
a species which is most probably coordination compound LbmesZnEt2 can be observed 
in 1H NMR. Crystals of {Lbmes+Et(N)}ZnEt suitable for X-ray diffraction were 
obtained by crystallisation from toluene/hexane. Figure 1 shows the molecule together 
with the relevant bond distances and angles. The Zn centre has a distorted tetrahedral 
geometry. The former pyridine ring is no longer planar and has lost its aromaticity. 
The ligand has become anionic with the negative charge delocalised over the former 
imine nitrogens. 
C1C2
C4
C6
C7
C8
C9
C41
C61 C3
N1
N2
N3
Zn
C5
 
Figure 1. X-ray structure of {Lbmes+Et(N)}ZnEt, hydrogens are omitted for clarity. Selected bond 
lengths [Å] and angles [°]: Zn-N1 2.094(3), Zn-N2 2.118(3), Zn-N3 2.077(3), Zn-C41 1.976(5), C1-C2 
1.496(6), C2-N2 1.312(5), C2-C3 1.414(6), C3-N1 1.455(6),C3-C4 1.392(7) C4-C5 1.370(7), C5-C6 
1.387(8), C6-C7 1.395(6), C7-N1 1.453(6), C7-C8 1.402(6), C8-N3 1.318(5), C8-C9 1.516(7), N1-C61 
1.512(7), N1-Zn-C41 137.0(2), N2-Zn-N3 120.99(12) Zn-N1 C61 108.9(3).
Refluxing pure {Lbmes+Et(N)}ZnEt in toluene for 70 minutes converts it into 
{Lbmes+Et(2)}ZnEt and {Lbmes+Et(4)}ZnEt (ca 8:1) and a small amount of an 
unidentified product which has a singlet at 4.25 ppm. It might be some kind of 
deprotonated product, since another singlet of equal area is present at 2.59 ppm. 
Treating {Lbmes+Et(N)}ZnEt with Me3Al produces {Lbmes+Et(N)}ZnMe, showing that 
the ethyl group bound to Zn can easily be exchanged, while the pyridine N-ethyl 
remains intact (i.e. the Npy addition is not easily reversible). Refluxing the reaction 
mixture in toluene leads to formation of a bimpy C2 adduct, but the compound could 
not be unambiguously assigned as either an aluminium or a zinc complex, nor could 
the nature of the alkyl group at C2 be established. 
In a separate experiment {Lbmes+Et(N)}ZnEt was refluxed in toluene, and 
crystals were grown from the resulting solution. Though of poor quality, X-ray 
diffraction revealed the structure of a tautomer of the imine adduct, in which a net 
proton transfer had occurred from the methyl group of the intact imine to the nitrogen 
atom of the attacked imine. Since formation of this product was poorly reproducible, 
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we believe it may have been catalysed by a trace of adventitious water. The unit cell 
contains two independent molecules, of which one is shown in Figure 2. The position 
of H2 is calculated. This product shows that deprotonation is also a possibility for the 
reaction between bimpy and zinc alkyls under specific circumstances. 
C1
C2
C3
C4
C5
C6
C7
C8
C9
N1
N2 N3
Zn
C61
C41
H2
 
Figure 2. X-ray structure of imine adduct tautomer, hydrogens except H2 are omitted for clarity. 
Selected bond lengths [Å] and angles [°]: Zn-N1 2.046(8), Zn-N2 2.569(?), Zn-H2 1.92(?), Zn-N3 
1.922(8), Zn-C41 2.036(14), C1-C2 1.497(15), C2-N2 1.493(14), C2-C3 1.533(15), C3-N1 
1.305(13),C3-C4 1.384(15), C4-C5 1.374(16), C5-C6 1.357(16), C6-C7 1.402(15), C7-N1 1.353(13), 
C7-C8 1.474(16), C8-N3 1.414(14), C8-C9 1.361(15), N1-Zn-N3 81.5(3), N3-Zn-C41 126.3(5).
If {Lbmes+Et(N)}ZnEt is treated with Et3Al its 1H NMR spectrum does not 
change noticeably, indicating that at least in this case the Zn centre remains bound to 
the ligand. Refluxing these reagents in toluene leads to formation of C2 and C4 
adducts in a 3:2 ratio. Again, the metal in this product could not be unambiguously 
assigned. For the related α-diimines, a comparable experiment reported in 1993 
results in quantitative transmetallation (Scheme 1): if {R-DAB + Et}ZnEt (prepared 
from R-DAB and Et2Zn), is reacted with Me3Al, Zn is replaced by Al.7 
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Scheme 1. Transmetallation as takes place for the related α-diimines (1, hexane, 40°C) does not take 
place for bimpy (2, toluene, RT).
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Treatment of Lbdip with Et2Zn also leads to formation of pyridine N adduct 
{Lbdip+Et(N)}ZnEt and a product which is probably coordination complex LbdipZnEt2. 
However, in this case the coordination complex content is higher than for Lbmes. 
Heating the NMR sample at 50 °C led to the formation of some {Lbdip+Et(2)}ZnEt. 
iPr2Zn + bimpy 
For both Lbdip and Lbmes addition to the pyridine ring N, C2 and C4 occurs in 
reaction with iPr2Mg. For Lbmes, {Lbmes+iPr(N)}ZniPr, is the main product, while Lbdip 
mainly gives {Lbdip+iPr(2)}ZniPr. Probably, the more demanding sterics of Lbdip 
disfavour transfer to the pyridine N position. The C4 adduct is only a minor product 
for both ligands. 
Me2Zn + bimpy 
Addition of Me2Zn to a toluene solution of Lbdip leads to a colour change from 
light yellow to dark red, indicating that a reaction takes place. In case of Lbmes, a 
colour change from light yellow to dark yellow is observed. However, after 
evaporating the toluene, only free ligand remains in both cases, indicating the 
reactions to be reversible. If 5 equivalents of Me2Zn are added in situ to a C6D6 
solution, 1H NMR indicates the formation of a coordination complex. Apparently, the 
bimpy-ZnMe2 coordination energy is quite low. Furthermore, the Zn-Me bond is too 
strong to be broken for formation of an adduct, which is in accordance with the fact 
that the Zn-Me bond is stronger than the Zn-Et bond (184 kJ/mol vs. 155 kJ/mol).8 
We have also calculated the coordination energies for Me2Zn/bimpy and 
Me3Al/bimpy (Table 2). From the table, it is shown that for Me3Al and Lbmet the 
energy gain upon coordination and pyridine N addition is much higher than for 
Me2Zn and the same model ligand. If the bulk of the ‘real’ systems Lbmes or Lbdip is 
added, the coordination energy of Me2Zn becomes very low, in accordance with our 
observations. 
Table 2. Coordination and N-addition energies (kcal/mol, b3lyp, SV(P) basisset)
 Lbmet/Me3Al Lbmet/Me2Zn Lbmes/Me2Zn Lbdip/Me2Zn 
coordination complexa (0) (0) (0) (0) 
pyridine N-adduct -15.4 -10.6 -5.0 -8.6 
free 17.4 7.2 3.2 3.4 
a
 Most stable coordination complex: κ2(imine/pyridine) for Lbmet/Me2Zn, κ1(imine) for the other entries. 
Bu2Mg + bimpy 
For these reactions, we used the commercially available "Bu2Mg", which is 
formulated as (n-Bu)(sec-Bu)Mg but is actually a mixture of (n-Bu)2Mg, d/l (n-
Bu)(sec-Bu)Mg, rac-(sec-Bu)2Mg and meso-(sec-Bu)2Mg. In the reaction between 
Lbmes and 1.0 equivalent9 of this Bu2Mg, two triplets of Py-H4, indicative of two 
distinct {Lbmes+Bu(N)}MgBu compounds can be detected in the 1H NMR spectrum. 
Scheme 2 shows the different N-adducts that can theoretically be formed. 
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Scheme 2. Possible pyridine N-adducts resulting from reaction between bimpy and the Bu2Mg mixture
From this reaction we could isolate single crystals of {Lbmes+n-Bu(N)}Mg(sec-
Bu) The structure (Figure 3) shows an isomer in which an n-Bu has transferred to the 
pyridine ring, while a sec-Bu remains attached to Mg (product C of Scheme 2); 
presumably, one of the triplets in the mixture originates from this compound. The 
structure shows some severe disorder, and due to the inferior quality of the data, it 
could not be further refined. Therefore, the connectivity can be trusted, but bond 
distances and angles should be treated with caution (e.g. C1-C2, C5-C6 and C8-C9 
are not realistic). 
 
Figure 3. X-ray structure of {Lbmes+n-Bu(N)}Mg(sec-Bu), hydrogens are omitted for clarity. Selected 
bond lengths [Å] and angles [°]: Mg-N1 2.151(5), Mg-N2 2.129(11), Mg-N3 2.059(10), Mg-C42: 
2.087(10), C1-C2 1.435(16), C2-N2 1.338(14) C2-C3 1.447(17), C3-N1 1.432(15), C3-C4 1.410(17), 
C4-C5 1.46(3), C5-C6 1.28(2), C6-C7 1.36(2), C7-N1 1.455(18), C7-C8 1.36(2), C8-N3 1.319(16), C8-
C9 1.618(17), N1-C51 1.555(11), N1-Mg-C42 141.5(4), N2-Mg-N3 126.5(2),Mg-N1-C51 107.4(5).
More information can be derived from the reaction between Lbdip and an 
equimolar9 amount of Bu2Mg. In this case, three different {Lbdip+Bu(N)}MgBu 
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compounds and two different {Lbdip+Bu(2)}MgBu compounds are formed 
(20:3:3:8:8). The additional steric hindrance of the Lbdip ligand might be important 
here. Attack of Bu (in particular sec-Bu) at Npy could be hindered more than for Lbmes, 
resulting in increased formation of 2-adducts. 
Me3Ga + bimpy 
Reaction of Lbdip with an equimolar amount of Me3Ga leads to the formation 
of {Lbdip+Me(2)}GaMe2, {Lbdip+Me(i)}GaMe2 and a third species which might either 
be a coordination complex or free Lbdip, in a ratio of 2:1:1. After 1 week at room 
temperature, the third species has disappeared, while the ratio of 
{Lbdip+Me(2)}GaMe2 to {Lbdip+Me(i)}GaMe2 has slightly changed (to ca 3:1). 
Furthermore, a new unidentified product has formed, characterised by a septet at 3.54 
ppm (this might originate from a similar tautomer of the imine adduct as observed for 
Zn). 
Heating converts all {Lbdip+Me(2)}GaMe2 into {Lbdip+Me(i)}GaMe2. Crystals 
of this complex suitable for X-ray diffraction could be grown from toluene/hexane. 
The crystal structure and the relevant bond distances and angles are shown in Figure 
4. From the structure it is apparent that the Ga is only coordinated to one of the former 
imine N's and the pyridine N; the distance of 2.82 Ǻ to the remaining imine N is 0.25 
A longer than that in {Lbdip+Me(i)}AlMe2 (see chapter 4) and is clearly too long for a 
‘real’ coordination bond. 
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Figure 4. X-ray structure of {Lbdip+Me(i)}GaMe2, hydrogens are omitted for clarity. Selected bond 
lengths [Å] and angles [°]: Ga-N1 2.124(3), Ga-N2 1.922(3), Ga-N3 2.821, Ga-C41 1.964(5), Ga-C51 
1.972(5), C1-C2 1.532(6), C2-N2 1.455(5), C2-C3 1.515(6), C3-N1 1.337(5), C3-C4 1.396(6), C4-C5 
1.364(7), C5-C6 1.389(7) C6-C7 1.379(6), C7-N1 1.359(5), C7-C8 1.479(6), C8-C9 1.506(6), C8-
N31.272(5), C2-C61 1.545(6), C41-Ga-C51 119.4(2), N1-Ga-C41 129.59(18), N1-Ga-C51 97.08(18), 
N1-Ga-N2 79.95(13).
Reaction of Lbmes with an equimolar amount of Me3Ga directly yields 
{Lbmes+Me(2)}GaMe2 as the sole product. No coordination complex is observed. 
Probably, the ligand attack proceeds faster for Lbmes compared to Lbdip due to steric 
reasons. When {Lbmes+Me(2)}GaMe2 is heated, it is completely converted to another 
product, which is most likely {Lbmes+Me(i)}GaMe2. This conclusion is mainly based 
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on the fact that this happens for Lbdip. However, for {Lbmes + Me(i)}GaMe2 no 
characteristic 1H NMR signals are present to identify the product.5 
Me3In + bimpy 
In the reaction between Lbdip and Me3In, the adducts {Lbdip+Me(2)}InMe2 and 
{Lbdip+Me(i)}InMe2 and a third compound can be detected in a 1:1:2 ratio. This third 
compound might either be free Lbdip or coordination complex. 
5.3 Conclusions 
Except for Me2Zn, all main-group metal alkyl compounds tested in this 
chapter easily transfer an alkyl group to the bimpy ligand. For the group 13 metals Ga 
and In, 2-adduct and imine adduct are the main products observed. Heating (only 
done for Ga) shifts the product distribution towards the imine adduct, suggesting that 
this is the thermodynamic product. This situation is comparable to that found for Al, 
except that for Ga and In no 4-adduct and accompanying tricyclic dimer are observed. 
Other main-group metal alkyls have a strong preference for initial attack at the 
pyridine nitrogen. We have observed N-adduct formation for Zn and Mg alkyls, 
which is in line with results published by Gibson;1 (alkyllithium compounds have also 
been reported to attack at the pyridine nitrogen1,4) Heating (only done for Et2Zn) 
results in formation of mainly C2 adduct and some C4 adduct. For iPr2Zn, some C4 
adduct is formed already at room temperature. No tricyclic dimer was observed 
though unless such a compound crystallises, it would probably be hard to recognise 
given the low solubility of its Al analogues. For Zn or Mg, no immediate formation of 
imine adducts is observed. 
It is somewhat surprising that N adducts are observed for the very 
electropositive elements Li and Mg and the much less electropositive Zn, but not for 
Al and Ga which have intermediate electronegativity. An explanation might be that 
N-adducts are indeed formed for group 13 alkyls as well, but that the following 
reactions have a significantly lower barrier than in the other cases. This would imply 
that N-adducts of group 13 metal alkyls do not exist very long, and are therefore not 
observed. A more extensive discussion of relevant pathways will be presented in 
chapter 7. 
5.4 Experimental section 
Et2Zn + Lbmes
1.86 g yellow Lbmes (4.68 mmol) was treated with 4.8 mL (4.68 mmol) Et2Zn 
in toluene and stirred for 30 minutes. The purple product {Lbmes+Et(N)}ZnEt was 
recrystallised from toluene/hexane in a 61 % yield. 
{Lbmes+Et(N)}ZnEt 1H NMR (300 MHz, C6D6, 298 K): δ = 6.82 (s, 2H, Ar-
Hm), 6.77 (d, 2H, 3J H-H = 7.2 Hz, Py-H3,5), 6.73 (s, 2H, Ar-Hm), 5.63 (t, 1H, 3J H-H = 
7.1 Hz, Py-H4), 2.79 (quart, 2H, 3J H-H = 7.2 Hz, NCH2CH3), 2.23 2.16 1.93 1.62 (s, 
6H each, Aro-CH3 (2x), Arp-CH3, imine CH3), 1.21 (t, 3H, 3J H-H = 7.2 Hz,  
NCH2CH3), 1.20 (t, 3H, 3J H-H = 8.1 Hz, ZnCH2CH3), 0.41 (quart, 2H, 3J H-H = 8.1 Hz, 
ZnCH2CH3)  
13C NMR (75 MHz, C6D6, 298 K): δ = 165.1 (C=N (2x)), 144.6, 133.3, 131.9, 
129.5, 129.3, 129.0, 128.9 (Py-C2,6 & Ar-C (all 2x)), 114.3, 105.2 (Py-C3,4,5), 45.6 
(NCH2CH3), 21.3, 19.4, 19.3, 15.0 (Aro-CH3-a (2x), Aro-CH3-b (2x),  Arp-CH3 (2x), 
imine CH3 (2x)), 13.5, 12.3 (NCH2CH3 & ZnCH2CH3), 1.7 (ZnCH2CH3)  
Anal. Calcd (%) for C31H43N3Zn (({Lbmes+Et(2)}ZnEt: C 71.46, H 7.93, N 
8.06. Found: C 71.62, H 7.93, N 8.06. 
The reaction of bimpy and other main-group metal alkyls  
93
Before recrystallising, also some coordination product was present (1:8) of 
which only the pyridine signals could be assigned: 
LbmesZnEt2: 1H NMR (300 MHz, C6D6, 298 K): δ = 8.60 (d, 2H, 3J H-H = 7.8 
Hz, Py-H3,5), 7.39 (t, 1H, 3J H-H = 7.8 Hz, Py-H4) 
{Lbmes+Et(N)}ZnEt was refluxed in toluene for 70 minutes, after which the 
solvent was evaporated. {Lbmes+Et(N)}ZnEt is converted in {Lbmes+Et(2)}ZnEt and 
{Lbmes+Et(4)}ZnEt.
{Lbmes+Et(2)}ZnEt: 1H NMR (300 MHz, C6D6, 298 K): δ = 6.76, 6.75, 6.69, 
6.61 (s, 1H each, Ar-Hm), 6.43 (dd, 1H, 3J H-H = 5.7 & 8.7 Hz, Py-H4), 5.56 (d, 1H, 3J 
H-H = 5.7 Hz, Py-H5), 5.07 (d, 1H, 3J H-H = 8.7 Hz, Py-H3), 2.17, 2.13, 2.07, 1.98, 
1.85, 1.83, 1.68, 1.46 (s, 3H each, Aro-CH3 (4x), Arp-CH3 (2x), imine CH3 (2x)) 
The Zn-ethyl and pyridine-2-ethyl could not be assigned with certainty. 
{Lbmes+Et(4)}ZnEt: 1H NMR (300 MHz, C6D6, 298 K): δ = 5.24 (d, 2H, 3J H-H 
= 4.5 Hz, Py-H3,5), 3.59 (m, 1H, Py-H4)
{Lbmes+Et(N)}ZnEt + Me3Al (exchange experiment) 
0.12 g (0.23 mmol) of {Lbmes+Et(N)}ZnEt was reacted with 1 equivalent of 
Me3Al (21.8 μL) in toluene.  
1H NMR (300 MHz, C6D6, 298 K): δ = 2.97 (q, 2H, 3J H-H = 7.2 Hz, 
NCH2CH3), 1.21 (t, 3H, 3J H-H = 7.2 Hz, NCH2CH3), -0.51 (broad, 3H, ZnCH3) 
After a 1H NMR spectrum was recorded the reaction mixture was refluxed in 
toluene for approximately one hour. The sample was analysed by 1H NMR. 
1H NMR (300 MHz, C6D6, 298 K): δ = 6.34 (dd, 1H, 3J H-H = 8.7 & 5.7 Hz, 
Py-H4), 5.72 (d, 1H, 3J H-H = 5.7 Hz, Py-H5), 5.10 (d, 1H, 3J H-H = 8.7 Hz, Py-H3)
Et2Zn + Lbdip
0.43 g Lbdip (0.89 mmol) was treated with 0.89 mL (1M; 0.89 mmol) Et2Zn in 
toluene and stirred for 30 minutes. Evaporation of the solvent resulted a purple 
powder. 1H NMR showed formation of a N-adduct; {Lbdip+Et(N)}ZnEt and a 
coordination complex. 
{Lbdip+Et(N)}ZnEt: 1H NMR (200 MHz, C6D6, 298 K): δ = 6.75 (d, 2H, 3J H-
H = 7.2 Hz, Py-H3,5), 5.52 (t, 1H, 3J H-H = 7.2 Hz, Py-H4), 1.35, 1.01 (d, 12H each, 
{Lbdip+Me(2)}GaMe2) 
LbdipZnEt2: 1H NMR (200 MHz, C6D6, 298 K): δ = 8.47 (d, 2H, 3J H-H = 7.8 
Hz, Py-H3,5), 7.25 (t, 1H, 3J H-H = 7.8 Hz, Py-H4), δ = 1.19 1.15 (d, 12H each, 3J H-H 
= 6.6 Hz, ArCH(CH3)2) 
Heating the NMR sample at 50 °C led to the formation of some 
{Lbdip+Et(2)}ZnEt: 
{Lbdip+Et(2)}ZnEt: 1H NMR (200 MHz, C6D6, 298 K): δ = 6.64 (dd, 1H, Py-
H 4), δ = 5.59 (d, 1H, 3J H-H = 6.0 Hz, Py-H5), δ = 5.11 (d, 1H, 3J H-H = 9.0 Hz, Py-
H3) 
iPr2Zn + Lbmes 
To 220 mg Lbmes (0.55 mmol) in 10 ml toluene, 0.55 ml 1M iPr2Zn (1.0 eq.) 
was added, which resulted in a colour change to purple. The solvent was evaporated. 
1H NMR showed formation of {Lbmes+iPr(N)}ZniPr (78%), {Lbmes+iPr(2)}MgiPr 
(20%) and {Lbmes+iPr(4)}MgiPr (2%). 
{Lbmes+iPr(N)}ZniPr: 1H NMR (200 MHz, C6D6, 298 K): δ = 5.81 (t, 1H, 3J H-
H = 7.1 Hz, Py-H4)
Chapter 5 
94
{Lbmes+iPr(2)}ZniPr: 1H NMR (200 MHz, C6D6, 298 K): δ = 6.59 (dd, 1H, 3J 
H-H = 5.8 & 9.1 Hz, Py-H4), 5.70 (d, 1H, 3J H-H = 5.8 Hz, Py-H5), 5.32 (d, 1H, 3J H-H = 
9.1 Hz, Py-H3)
{Lbmes+iPr(4)}ZniPr: 1H NMR (200 MHz, C6D6, 298 K): δ = 5.41 (d, 2H, 3J H-
H 7.0, Py-H3,5) 
iPr2Zn + Lbdip
To 279 mg Lbdip (0.58 mmol) in 10 ml toluene, 0.58 ml 1M iPr2Zn (1.0 eq.) 
was added, which resulted in a colour change to purple. The solvent was evaporated. 
1H NMR showed formation of {Lbdip+iPr(N)}ZniPr (24%), {Lbdip+iPr(2)}ZniPr (65%) 
and {Lbdip+iPr(4)}ZniPr (11%). 
{Lbdip+iPr(N)}ZniPr: 1H NMR (200 MHz, C6D6, 298 K): δ = 6.87 (d, 2H, 3J H-
H = 7.3 Hz, Py-H3,5), 5.70 (t, 1H, 3J H-H = 7.3 Hz, Py-H4)
{Lbdip+iPr(2)}ZniPr: 1H NMR (200 MHz, C6D6, 298 K): δ = 6.49 (dd, 1H, 3J H-
H = 6.2 & 9.1 Hz, Py-H4), 5.66 (d, 1H, 3J H-H = 6.2 Hz, Py-H5), 5.37 (d, 1H, 3J H-H = 
9.1 Hz, Py-H3)
{Lbdip+iPr(4)}ZniPr: 1H NMR (200 MHz, C6D6, 298 K): δ = 5.42 (d, 2H, 3J H-
H 7.2, Py-H3,5) 
Me2Zn + Lbmes
5 equivalents of ZnMe2 were added to a solution of 0.12 g (0.3 mmol) mLdi in 
C6D6. From this reaction mixture a 1H NMR spectrum was obtained. 
LbmesZnMe2: 1H NMR (300 MHz, C6D6, 298 K) : δ = 7.71 (d, 2H, 3J H-H = 7.8 
Hz, Py-H3,5), 7.19 (t, 1H, 3J H-H = 7.8 Hz, Py-H4), 6.81 (s, 4H, Ar-Hm), 2.20 2.05 (s, 
6H each imine CH3 & Arp-CH3), δ = 2.11 (s, 12H, Aro-CH3), δ = -0.62 (s, 3H, 
ZnCH3) 
Bu2Mg + Lbmes 
To 340 mg yellow Lbmes (0.85 mmol) in 5 ml toluene1.4 ml MgBu2 (the 
reagent is a mixture between Mg(n-Bu)2 and Mg(sec-Bu)2, 0.6 M in heptane9; 1.0 eq.) 
was added. The colour changed to purple. The solvent was evaporated, 1H NMR 
showed two major products {Lbmes+Bu(N)}MgBu, recognisable on basis of their Py-
H4 1H NMR (400 MHz, C6D6, 298 K) triplets at 5.65 and 5.59 ppm, with couplings of 
7.2 Hz. In a different experiment, 289 mg Lbmes (0.73 mmol) in 5 ml toluene was 
reacted with 1.2 ml Bu2Mg (0.6 M in heptane9; 1.0 eq.). From the mixture, crystals of 
{Lbmes+n-Bu(N)}Mg(sec-Bu) suited for X-ray diffraction were grown. 
{Lbdip+Bu(N)}MgBu(1): 1H NMR (400 MHz, C6D6, 298 K): 5.65 (t, 1H, 3J H-H 
= 7.2 Hz, Py-H3,5) 
{Lbdip+Bu(N)}MgBu(2): 1H NMR (400 MHz, C6D6, 298 K): 5.58 (t, 1H, 3J H-H 
= 7.2 Hz, Py-H3,5) 
 
Bu2Mg + Lbdip 
To 281 mg yellow Lbdip (0.58 mmol) in 5 ml toluene, 0.95 ml MgBu2 (1.0 eq.) 
was added. The colour changed to purple. The solvent was evaporated, 1H NMR 
showed formation of one major and two minor products {Lbdip+Bu(N)}MgBu 
recognisable on basis of its pyridine hydrogens, apart from two sets of pyridine 
signals resulting from different pyridine C2-adducts. 
{Lbdip+Bu(N)}MgBu(1): 1H NMR (400 MHz, C6D6, 298 K): δ = 6.76 (d, 2H, 
3J H-H = 7.2 Hz, Py-H3,5), 5.47 (t, 1H, 3J H-H = 7.2 Hz, Py-H4) 
{Lbdip+Bu(N)}MgBu(2): 1H NMR (400 MHz, C6D6, 298 K): δ = 5.56 (t, 1H, 3J 
H-H = 7.2 Hz, Py-H4) 
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{Lbdip+Bu(N)}MgBu(3): 1H NMR (400 MHz, C6D6, 298 K): δ =  5.55 (t, 1H, 
3J H-H = 7.2 Hz, Py-H4) 
{Lbdip+Bu(2)}MgBu(1): 1H NMR (200 MHz, C6D6, 298 K): δ = 6.34 (dd, 1H, 
3J H-H = 6.2 & 8.8 Hz, Py-H4), 5.33 (d, 1H, 3J H-H = 6.2 Hz, Py-H5), 4.80 (d, 1H, 3J H-H 
= 8.8 Hz, Py-H3)
{Lbdip+Bu(2)}MgBu(2): 1H NMR (200 MHz, C6D6, 298 K): δ = 6.34 (dd, 1H, 
3J H-H = 6.2 & 8.8 Hz, Py-H4), 5.30 (d, 1H, 3J H-H = 6.2 Hz, Py-H5), 4.76 (d, 1H, 3J H-H 
= 8.8 Hz, Py-H3)
Me3Ga + Lbdip 
0.11 mL (1.11 mmol) Me3Ga was added to a solution of Lbdip (0.5 g, 1.11 
mmol) in toluene, which resulted in a slow colour change from yellow to orange. 
After stirring the mixture for 3 hours a 1H NMR spectrum was obtained which 
showed mostly {Lbdip+Me(2)}GaMe2. Then the mixture was refluxed for 3 hours after 
which {Lbdip+Me(i)}GaMe2 was crystallised from hexane. 
{Lbdip+Me(2)}GaMe2: 1H NMR (300 MHz, C6D6, 298 K): δ = 7.30-6.90 (m, 
6H, aryl), 6.45 (dd, 1H, 3J H-H = 6.0 & 8.7 Hz, Py-H4), 5.79 (dd, 1H, 3J H-H = 6.0 & 0.6 
Hz, Py-H5), 5.13 (dd, 1H, 3J H-H = 8.7 & 0.6 Hz, Py-H3), 3.2-2.7 (m, 4H, 
ArCH(CH3)2), 2.25, 1.57, 1.44 (s, 3H each, Py2-CH3, imine CH3 (2x)), 0.12, -0.04 (s, 
3H each, GaCH3) 
the isopropyl methyl signals could not be unambiguously assigned 
{Lbdip+Me(i)}GaMe2: 1H NMR (300 MHz, C6D6, 298 K): δ = 7.40–7.00 (m, 
9H, pyridine & aryl), 3.85, 2.94 (sept, 2H each, 3J H-H = 6.9 Hz, ArCH(CH3)2), 1.90 
(s, 3H, imine CH3), 1.63 (s, 6H, former imine CH3 (2x)), 1.41, 1.38, 1.38, 1.17 (d, 6H 
each, 3J H-H = 6.8 Hz, ArCH(CH3)2), 0.07 (s, 6H, GaCH3) 
13C NMR (50 MHz, C6D6, 298 K): δ = 173.0 (imine C=N), 163.0 (Py-C6), 
150.8 (2x), 150.3, 146.8, 145.4, 139.1, 136.6 (2x), 129.3, 125.7, 125.2, 124.0, 123.9, 
123.5, 122.5, 122.1 (Py-C2,3,4,5 & aryl (12x)), 63.0 (former imine C-N), 31.4 (2x), 
28.3(2x), 28.2 (2x), 26.2 (2x), 24.4 (2x), 24.2 (4x) (ArCH(CH3)2 (8), ArCH(CH3)2 (4) 
former imine CH3 (2)) 18.9 (imine CH3), -1.44 (GaCH3 (2x)) 
LbdipGaMe3: 1H NMR (300 MHz, C6D6, 298 K): δ = 8.54 (d, 2H, 3J H-H = 7.8 
Hz, Py-H3,5), δ = 7.37 (t, 1H, 3J H-H = 7.8 Hz, Py-H4) 
Me3Ga + Lbmes
0.13 mL (1.13 mmol) Me3Ga was added to a solution of Lbmes (0.5 g, 1.11 
mmol) in toluene, which resulted in a slow colour change from yellow to orange. 
After stirring the mixture for 3 hours a 1H NMR spectrum was obtained which 
showed mostly {Lbdip+Me(N)}GaMe2. Then the mixture was refluxed for 3 hours.  
{Lbmes+Me(2)}GaMe2: 1H NMR (300 MHz, C6D6, 298 K): δ = 6.41 (dd, 1H, 
3J H-H = 8.7 & 6.0 Hz, Py-H4), 5.84 (dd, 1H, 3J H-H = 6.0 & 0.6 Hz, Py-H5), 5.14 (dd, 
1H, 3J H-H = 8.7 & 0.6 Hz, Py-H3). 
Me3In + Lbdip 
219.5 mg Me3In (1.37 mmol) and 661 mg Lbdip (1.37 mmol; 1.00 equiv.) are 
reacted in 10 ml of toluene which results in a colour change from yellow to dark-
brown. The solvent was evaporated, 1H NMR showed 3 major products: which were 
recognised by the following shifts:  
Lbdip or LbdipInMe3: δ = 8.46 (d, 2H, 3J H-H = 7.7 Hz, Py-H3,5) 
{Lbdip+Me(2)}InMe2: 6.46 (dd, 1H, 3J H-H = 6.2 & 8.8 Hz, Py-H4), 5.91 (d, 
1H, 3J H-H = 6.2 Hz, Py-H5), 5.08 (dd, 1H, 3J H-H = 8.8 Hz, Py-H3) 
 {Lbdip+Me(i)}InMe2: 3.81 (sept, 2H, 3J H-H = 6.8 Hz, ArCH(CH3)2) 
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DFT calculations
All geometry optimisations were carried out with the Turbomole program10,11 
coupled to the PQS Baker optimizer.12,13 Geometries were fully optimised as minima 
at the unrestricted B3LYP14 level using the Turbomole SV(P) basisset15 on all atoms. 
Thermal corrections were not included. 
X-ray crystallography: Structural determination of {Lbmes+Et(N)}EtZn, the 
hydrolysed compound, {Lmes+Bu(N)}BuMg and {Lbdip+Me(i)}GaMe2. 
All structures were solved by the PATTY option16 of the DIRDIF program 
system.17 All nonhydrogen atoms were refined with anisotropic temperature factors. 
The hydrogen atoms were placed at calculated positions, and refined isotropically in 
riding mode. Geometrical calculations18 revealed neither unusual geometric features, 
nor unusual short intermolecular contacts. The calculations revealed no higher 
symmetry and no (further) solvent accessible areas. 
The two ethyl moieties of {Lbmes+Et(N)}EtZn show considerable positional 
disorder. The N-ethyl group is the most disordered and the calculated C-C bond 
distance is unreliable. The Et(Zn) group, although less disordered, should also be 
treated cautiously. There is, however, no reason to doubt the connectivity or chemical 
nature of these fragments. 
Geometrical calculations for the tautomerised Zn compound revealed neither 
unusual geometric features, nor unusual short intermolecular contacts. The 
calculations revealed no higher symmetry and no (further) solvent accessible areas. 
The structure determination of {Lmes+Bu(N)}BuMg was hampered by the very 
small dimensions of the crystal combined with its poor quality. Although data 
collection was performed up to θ = 25º, almost no observed data were collected above 
θ = 20º. The anisotropic displacement parameters are large. There is no reason to 
doubt the overall connectivity and geometry of the compound, but bond distances 
should be judged precautiously. 
The structure of {Lbdip+Me(i)}GaMe2 contains toluene solvent molecules, one 
molecule on a general position and one disordered around an inversion centre. It is 
isostructural to its Al analogue. Unfortunately, the toluene solvent partly diffused out 
of the crystal during the preparation and the measurements. As a consequence the 
crystal quality was rather poor and deteriorated further during the measurement. The 
toluene molecule on the general position, C71-C77, shows considerable positional 
disorder and large thermal displacement parameters. Severe constraints on distances 
had to be applied in order to get somewhat reasonable geometrical parameters. The 
toluene around the inversion centre, C81-C85, could not be refined anisotropically at 
all and no hydrogen atoms could be located or calculated for these atoms. However, 
based on the electron densities found and the chemical route, there is no doubt that 
these molecules are present in the structure. 
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Table 3. Crystal data and Structure analysis results
Compound {Lbdip+Et(N)}ZnEt tautomerised
{Lbmes+Et(i)}ZnEt 
{Lbmes+Bu(N)} 
MgBu 
{Lbdip+Me(i)} 
GaMe2 
Crystal colour transparent dark 
purple-red 
translucent 
red-brown 
dark green transparent 
orange 
Crystal shape rough fragment rough fragment rather regular 
fragment 
rough fragment 
Crystal size (mm) 0.37 x 0.26 x 0.22 0.24 x 0.10 x 0.06 0.07 x 0.06 x 0.05 0.29 x 0.18 x 0.12 
Emp. formula C31H41N3Zn C31H41N3Zn C41H61MgN3 C46.5H64GaN3 
Formula weight 521.04 521.04 620.24 734.73 
Temperature(K) 298(2) 208(2) 293(2) 208(2) 
Radiation / 
Wavelength (Å) 
MoKα (graphite monochromated) / 0.71073 
Crystal system
space group 
Monoclinic, P21/c Monoclinic, P21/a Orthorhombic, 
Pc21n 
Triclinic, P-1 
# reflections for 
cell 
134 114351 51 75 
a (Å) 17.0062(9) 20.6811(15) 12.114(3) 9.6137(4) 
b (Å) 10.4925(13) 11.0608(11) 16.2447(15) 10.9283(6) 
c (Å) 17.4642(18) 27.035(2) 16.617(3) 21.6919(12) 
α (º) 90 90 90 101.609(6) 
β (º) 112.962(7) 112.158(8) 90 98.714(6) 
γ (º) 90 90 90 103.492(4) 
Volume (Å 3) 2869.3(5) 5727.6(8) 3270.0(9) 2123.12(19) 
Z, dcalc (Mg/m3) 4, 1.206 8, 1.208 4, 1.260 2, 1.149 
Absorption 
coefficient 
(mm-1) 
0.878 0.880 0.090 0.681 
Diffractometer/ 
scan 
Nonius KappaCCD with area detector φ and ω scan 
F(000) 1112 2224 1360 790 
θ range for data 
collection º) 
2.32 to 27.50 2.01 to 25.00 2.08 to 24.99 2.23 to 25.00 
Index ranges -22≤h≤21, 
-13≤k≤12, 
-22≤l≤22 
-24≤h≤24, 
-13≤k≤12, 
-32≤l≤32 
-13≤h≤14, 
-19≤k≤19, 
-19≤l≤19 
-11≤h≤11, 
-12≤k≤12, 
-25≤l≤25 
Collected / 
Unique 
52405/6582 
[Rint = 0.0464] 
114351 / 10075 
[R(int) = 0.1669] 
31032/5652 
[R(int) = 0.0786] 
59505/7467 
[Rint = 0.0975] 
Observed
([Io>2σ(Io)]) 
3438 6133 2274 5467 
Abs. corr. SADABS multiscan correction19 
Refinement Full-matrix least-squares on F2 
Computing SHELXL-9720 
Data/restraints/ 
parameters 
6582/0/326 10075/0/649 5652/1/363 7467/15/458 
Goodness-of-fit 
on F2 
1.016 1.141 1.021 1.031 
SHELXL-97 
weight parameters 
0.0649, 2.6492 0.0481, 88.1422 0.0840, 3.5606 0.0610, 4.5667 
Final R indices
[I>2σ(I)] 
R1 = 0.0598, 
wR2 = 0.1370 
R1 = 0.1348, 
wR2 = 0.2876 
R1 = 0.0946, 
wR2 = 0.2033 
R1 = 0.0648, 
wR2 = 0.1369 
R indices
(all data) 
R1 = 0.1329, 
wR2 = 0.1708 
R1 = 0.2005, 
wR2 = 0.3130 
R1 = 0.2329, 
wR2 = 0.2707 
R1 = 0.0990, 
wR2 = 0.1520 
Largest diff. peak 
and hole (e/Å3) 
0.589 and -0.547 1.618 and -0.960 0.226 and -0.180 0.900 and -0.769 
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6.1 Introduction 
One of the most valuable "tools" of the organometallic chemist is ligand 
variation. This can often be used to tune catalysts, improving their rate, selectivity, 
specificity and lifetime. Ligand variation can also be used to get more insight in 
reaction mechanisms. Steric and electronic factors can be varied independently, and 
from their effects on catalyst performance one can, in favourable cases, extract 
information about rate and selectivity determining steps, or on deactivation 
mechanisms. 
One problem of the Brookhart/Gibson catalyst is that it does not allow much 
variation without becoming inactive. Replacing the imine "arms" by amines1 results in 
virtually inactive catalysts, and the activity of bis(carbene)2 and bis(phosphinimine)3 
analogues is equally disappointing. However, there have been a few reports of 
catalysts derived from mono(imine) pyridine (mimpy) ligands, as described below. 
The π-acceptor qualities of mono(imine) pyridine ligands should be very 
different from those of bimpy ligands, and could well lead to differences in non-
innocent behaviour and ligand-centered reactivity. A comparison of the behaviour of 
the two ligands might thus provide some insight into what makes the bimpy ligands 
special. 
For bimpy ligands, which generally bear ortho-substituted aryl groups on the 
imine nitrogens, bulk on these aryl groups plays a key role in determining the product 
distribution.4 The presence of substituents at both ortho positions of each aryl group 
results in the formation of high molecular weight PE with molecular weights 
depending on the size of these substituents. In contrast, the presence of only one ortho 
substituent on each aryl generates catalysts that selectively oligomerise ethylene to 
Schultz-Flory distributions of α-olefins. In the complete absence of any substituents, 
ethylene dimers are the main products.4 Taking into account the theoretical results by 
Ziegler,5 it seems that at least one substituent is needed on each side of the 
coordination plane. This can also be achieved by having a single o,o'-disubstituted 
aryl group in combination with an unsubstituted group. Indeed, Bianchini reported 
oligomerisation catalysts in which one of the imine nitrogens bears an o,o'-
disubstituted aryl group, while the other one carries a simple alkyl group.6  
In another study, some tetrahedral cobalt precatalysts that completely lack the 
second imine function were reported. Oligomerisation is observed for cobalt 
mono(imine) pyridines carrying a thienyl group at the 6-postion (see Scheme 1, 
compound A).7 Although no direct proof has been obtained for a Co-S interaction, it 
is likely to play a role, since replacement of the thienyl group by phenyl or furyl 
decreases the oligomerisation activity. Also, Fe NNO catalysts with a keto group 
instead of the second imine are claimed to be active in oligo-8 and polymerisation9, 
depending on the aryl substitution pattern (B in Scheme 1). 
For Ni, which has two electrons more than Fe, many oligomerisation and 
polymerisation catalysts based on bidentate nitrogen donors are known, including 
several with mono(imine) pyridine ligands.10 
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Scheme 1. Ethylene oligomerisation catalysts with only one imine arm found by the groups of 
Bianchini, Bluhm and Fernandes respectively.7,8,9
The mono(imine) pyridine ligand has been known for some time. It was first 
synthesised in 1956, when Busch and Bailar wanted a ligand intermediate in character 
between bipy and α-diimine ligands.11 Indeed, its structural features are in between 
the more rigid bipy’s and the more flexible α-diimines.12 Since this first synthesis, 
many coordination compounds of mimpy ligands have been reported.13 
Not much is known about ligand-centered reactivity of transition metal mimpy 
complexes. Reactions of the aldimine variant with main-group metal alkyl compounds 
have been studied by the groups of Vrieze in the early eighties and more recently by 
the group of Gibson. Vrieze reported the reaction of pyridine-2-carbaldimine ALmtBu 
with Et3Al and Et2Zn.14 The reaction with Et3Al produces mainly (98%) ethyl imine-
adduct I and a small portion of radical compound II. Adduct I is believed to be formed 
via a SET (single electraon transfer) reaction; escape of ethyl radicals from the 
solvent cage is then responsible for the formation of the radical compound. More 
recently, Gibson described a methyl-imine adduct as the only product in the reaction 
of N-aryl ligand ALmdip with Me3Al (Scheme 2).15 
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Scheme 2. Reactions of Me3Al and Et3Al with  ALmtBu and ALmdip.14,15
In the reaction of ALmtBu with Et2Zn at room temperature, a 1:1 coordination 
complex is formed (A) which reacts further at higher temperatures to a reduced 
complex (B, 10%), the imine adduct (C, 25%) and a dimer of the radical complex 
which is now the main product (E, 65%). This dimer is in equilibrium with a small 
amount of monomeric free radical D (see Scheme 3).14 
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Scheme 3: Reaction between ALtBu and Et2Zn.14
6.2 Results and discussion 
Monoimine pyridine ligands are synthesised via a condensation of 2-
acetylpyridine with the desired aniline. In the present work only 2,6-
diisopropylaniline was used, yielding ligand Lmdip (2-[2,6-(iPr)2C6H3]N=CMeC5H4N). 
Lmdip + Et3Al 
We reacted Lmdip with the range EtnAlCl3-n (n = 0-3). The reaction with Et3Al 
(1:1) directly leads to one product (see Scheme 4), which remains stable when 
refluxed in toluene.  
N
N
N
NAl
1 eq. Et3Al
Lmdip
-
Scheme 4. The clean reaction between Lmdip and Et3Al
The product was analysed by NMR and X-ray diffraction. In the 1H NMR 
spectrum, multiplets at δ = 1.82 and 1.60 ppm indicate the presence of diastereotopic 
CH2 hydrogens of the transferred ethyl moiety. A singlet in the 13C-NMR at δ = 36.99 
ppm represents its CH2 carbon. This, and the X-ray structure (see Figure 1) and 
elemental analysis leads to the conclusion that an ethyl group has been added at the 
imine position forming {Lmdip+Et(i)}AlEt2. The reaction is comparable to the one that 
Gibson found for Me3Al with ALmdip. The ligand has become mono-anionic upon this 
addition, with the negative charge located at the imine nitrogen, as is apparent from 
the short Al-N1 distance of 1.8399(17) Å. 
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Figure 1. X-ray structure of {Lmdip+Et(i)}AlEt2 (hydrogen atoms omitted for clarity). Selected bond 
lengths [Å] and angles [°]: Al-N1 1.9764(17), Al-N2 1.8399(17), Al-C41 1.968(2), Al-C51 1.974(3), 
C1-C2 1.523(3), C2-N2 1.487(2), C2-C3 1.520(3), C3-N1 1.347(3), C3-C4 1.389(3), C4-C5 1.377(3), 
C5-C6 1.370(4), C6-C7 1.371(3), C7-N1 1.341(3), C2-C61 1.558(3), N1-Al-N2 84.86(7), N1-Al-C41 
108.79(9), N1-Al-C51 106.44(9), N2-Al-C41 117.64(9), N2-Al-C51 122.51(10), C41-Al-C51 
111.36(11).
Lmdip + Et2AlCl 
According to the 1H NMR spectrum, reaction of Lmdip with Et2AlCl (1:1) yields a 
mixture of two major products (A,B); some starting material also remains visible 
(A:B:Lmdip = 4:3:1). Product A could be identified as a deprotonated complex {Lmdip-
H}EtAlCl. It has singlets at δ = 4.59 and 3.73 ppm, suggestive of a C=CH2 fragment; 
this was confirmed by the observation of NOE contacts with the aryl group for one of 
these peaks, and with the pyridyl ring for the other. The exact nature of compound B 
remains unclear. Part of the ligand fragment and one AlEt group could be recognised 
in the spectrum. All 1H NMR signals are considerably broader than those of the other 
compounds. Upon raising the temperature, more unknown products become visible in 
1H NMR, unknown compound B disappears, while {Lmdip-H}EtAlCl remains the main 
product even after prolonged refluxing in toluene. 
Lmdip + EtAlCl2 
Reaction of Lmdip with EtAlCl2 (1:1) yields a new compound and unreacted 
ligand (3:1). The nature of this new compound is not entirely clear. Its low solubility 
in apolar solvents and its slightly shifted 1H NMR peaks compared to the free ligand 
(imine CH3 2.37 ppm vs. 2.32 ppm respectively) leave two obvious possibilities (1) a 
simple coordination complex Lmdip·AlEtCl2 or (2) an ionic complex 
[LmdipAlEtCl]+[EtAlCl3]-, similar to that seen in the reaction between Lbdip and AlCl3 
(see chapter 4). The first alternative seems most probable since we would expect the 
1H NMR signals to shift further for an ionic complex. Upon heating the reaction 
mixture to 70ºC, a deprotonated product is formed ({Lmdip-H}AlCl2), which remains 
the main (and only recognisable) product after prolonged refluxing in toluene. 
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Lmdip + AlCl3 
Reaction of Lmdip with AlCl3 yields a complex which is hardly soluble in 
apolar solvents. The 1H NMR peaks shift more in this case than for EtAlCl2 (imine 
CH3 at 1.86 ppm vs. 2.32 ppm). These larger changes in the 1H NMR shifts suggest 
the complex to be ionic in nature, e.g. [LmdipAlCl2]+[AlCl4]-. However, all attempts to 
crystallise this compound failed. Further heating of the reaction mixture does not 
change the 1H NMR spectra. 
Deprotonated products 
To further confirm the nature of the deprotonated products observed above, we 
decided to synthesise them by an independent route. First Lmdip was deprotonated 
using in situ prepared LDA. From the reaction mixture in hexane, some crystals could 
be grown. The X-ray structure shows lithium bound to two ligand fragments: one of 
these is deprotonated, while the other one is intact Lmdip (see Figure 2). The exact 
reason for Lmdip to be still present is not clear. According to NMR, deprotonation of 
Lmdip by LDA is virtually quantitative. Possibly, the concentration of LDA was 
somewhat lower than intended in the sample used for crystallisation, or a small 
amount of hydrolysis by adventitious water may have occurred. Apparently, the 
presence of extra Lmdip is beneficial for crystallisation. 
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Figure 2. X-ray structure of (Lmdip){Lmdip-H}Li (hydrogens and isopropyl groups omitted for clarity). 
Selected bond lengths [Å] and angles [°]: Li-N1A 2.032(3), Li-N2A 1.931(3), Li-N1B 2.075(3), Li-N2B 
2.095(3), C1A-C2A 1.357(3), C2A-N2A 1.351(2), C2A-C3A 1.499(2), C3A-N1A1.343(2), C3A-C4A 
1.389(2), C4A-C5A 1.372(3), C5A-C6A 1.371(3), C6A-C7A 1.366(3), C7A-N1A 1.341(3), C1B-C2B 
1.493(3), N1A-Li-N2A 83.26(13), N1B-Li-N2B 78.77(12).
Reaction of the mixture with EtAlCl2 yields the expected {Lmdip-H}AlEtCl. 
Since crystallisation proved to be difficult, we also reacted the mixture with Et2AlCl. 
This produces {Lmdip-H}AlEt2 as can be seen from the two singlets in 1H NMR (4.52 
and 3.48 ppm) and was further confirmed by X-ray diffraction of crystals grown from 
hexane (see Figure 3). The C1-C2 distance of 1.317(7) Å is clearly indicative of a 
C=C bond. 
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Figure 3. X-ray structure of {Lmdip–H}AlEt2 (hydrogen atoms omitted for clarity). Selected bond 
lengths [Å] and angles [°]: Al-N1 1.964(5), Al-N2 1.855(5), Al-C41 1.935(8), Al-C51 2.190(12), C1-C2 
1.317(7), C2-N2 1.381(6), C2-C3 1.462(7), C3-N1 1.329(6), C3-C4 1.396(8), C4-C5 1.346(9), C5-C6 
1.337(11), C6-C7 1.368(11), C7-N11.348(8), N1-Al-N2 84.2(2), N1-Al-C41 109.3(3), N1-Al-C51 
99.6(3), N2-Al-C41 121.8(3), N2-Al-C51 116.1(3), C41-Al-C51 116.7(4).
Lmdip + zinc alkyls 
Adding Me2Zn to a Lmdip suspension in toluene results in a colour change from 
yellow to light-red, so a reaction probably takes place. Upon evaporating the solvent 
however, Me2Zn is also evaporated, and 1H NMR only shows free Lmdip. Probably, 
Me2Zn coordinates only weakly to Lmdip. 
At room temperature, ZnEt2 also forms a coordination complex. This is 
apparent from the broadening and the shift of the 1H NMR signals relative to those of 
the free ligand. This broadening also suggests that the binding to the ligand is 
dynamic, which is further supported by the magnetic equivalence of the ZnCH2CH3 
hydrogens in the 1H NMR spectrum. After heating the complex for 1 hour at 50 ºC, 
the appearance of characteristic 1H NMR singlets at 4.59 and 3.90 ppm indicates 
formation of a deprotonated complex, probably {Lmdip-H}ZnEt or its dimer. Heating 
for 15 hours leads to a 2:1 ratio of coordination complex to deprotonated complex.  
Lmdip + Me3Ga 
The reaction between Lmdip and Me3Ga is as straightforward as the one 
between Lmdip and Et3Al. The imine adduct {Lmdip+Me(i)}GaMe2 is formed 
instantaneously and is stable to heating at 110ºC in solution. Crystals were grown 
from a hexane solution and were suitable for X-ray diffraction (see Figure 4). Again 
the anionic character of the ligand is apparent from the short Ga-N2 distance 
(1.8984(11) Å). 
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Figure 4. X-ray structure of {Lmdip+Me(i)}GaMe2, hydrogen atoms are omitted for clarity. Selected 
bond lengths [Å] and angles [°]: Ga-N1 2.0500(12), Ga-N2 1.8984(11), Ga-C41 1.9761(17), Ga-C51 
1.9596(18), C1-C2 1.531(2), C2-N2 1.4710(17), C2-C3 1.5245(19), C3-N1 1.3387(18), C3-C4 
1.391(2), C4-C5 1.78(2), C5-C6 1.376(3), C6-C7 1.367(2), C7-N1 1.3444(19), C2-C61 1.551(2), N1-
Ga(1)-N2 82.23(5), N1-Ga(1)-C41 103.00(7), N1-Ga(1)-C51 106.98(8), N2-Ga(1)-C41 120.44(7), N2-
Ga(1)-C51 117.76(7), C41-Ga(1)-C51 116.84(9).
6.3 Conclusions 
From the reactions between mono(imine) pyridines and main-group alkyl 
compounds it is apparent that they are less complex than those observed for the 
bis(imine) pyridines. Reaction of Lmdip with Et3Al only produces the imine-adduct, 
while the more basic alkyl Al chlorides also produce deprotonated complexes. Alkyl 
transfer to the pyridine ring, is not encountered here at all. 
Dimerisation via C-C coupling of the imine carbons, as observed for the 
related mono-aldimine ligands in combination with R2Zn (see section 6.1), is not 
observed for this ligand. The aldimine dimers are known to be formed by coupling of 
radical species. So, either these radical species are not formed for Lmdip (we did not 
check for formation of radicals in this case), or they refuse to couple (the additional 
Me group at the imine carbon, compared to the aldimine, might make the radicals 
stable to dimerisation). 
The formation of radicals and their significance in possible mechanistic 
pathways will be discussed in chapter 7, in which many possible reaction pathways of 
the mimpy and bimpy ligands with main-group alkyl compounds will be studied by 
DFT calculations. 
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6.4 Experimental 
Preparation of Lmdip
2-acetylpyridine (11.8 g, 0.1 mol) was added to diisopropylaniline (16.27 g, 
0.1 mol). 5 mg of camphorsulfonic acid was added. The stirred mixture was heated to 
155 °C for 48 hours. After cooling, ca. 10 ml of dry ethanol was added to the mixture. 
A yellow solid precipitated. After filtration and careful washing of the product with a 
further 20 ml dry ethanol the product could be obtained. Yield: 14 g (50%). 
Lmdip: 1H NMR (200 MHz, C6D6, 298K): δ = 8.45 (m, 2H), 7.17 (m, 4H), 6.69 
(m, 1H) (Py and Ar), 2.88 (sept, 2H, 3J H-H 6.7 Hz, ArCH(CH3)2), 2.32 (s, 3H, CH3), 
1.16, 1.10 (d, 6H each, 3J H-H 6.7 Hz, ArCH(CH3)2). 
Et3Al + Lmdip
Et3Al (1.7 mL 1 M in hexane, 1.7 mmol) was added to a Lmdip (0.379 g, 1.72 
mmol) solution in toluene (colour changes from yellow to deep red) and was stirred 
for one day. When the solvent was evaporated under vacuum, a red/brown oil 
remained. After crystallisation from hexane (-20 °C), light orange crystals were 
obtained: 
(Lmdip+Et)AlEt2: 1H NMR (400 MHz, C6D6, 298 K): δ = 7.92 (d, 1H, 3J H-H = 
5.5 Hz, Py-H6), 7.4-7.0 (m, 3H, aryl), 6.86 (m, 1H, Py-H4), 6.69 (dd, 1H, 3J H-H 8.2 = 
Hz, 4J H-H =1.0 Hz, Py-H3), 6.35 (m, 1H, Py-H5), 4.10, 3.47 (sept, 1H each, 3J H-H = 
6.7 Hz, ArCH(CH3)2), 1.82, 1.61 (m, 1H each, former imine CH2CH3), 1.41, 1.30 (t, 
3H each, 3J H-H = 8.0 Hz, AlCH2CH3), 1.38, 1.29, 1.24, 1.20 (d, 3H each, 3J H-H = 6.7 
Hz, ArCH(CH3)2), 1.12 (s, 3H, former imine CH3), 0.7-0.2 (m, 4H, AlCH2CH3), 0.52 
(t, 3H, 3J H-H 7.4, imine CH2CH3) 
13C NMR (50 MHz, C6D6, 298K): δ = 170.2 (Ar-Ci), 151.0 (Py-C2), 144.1 
(Py-C6), 139.2 (Py-C4), 122.4, 122.2 (Py-C5, Py-C3), 125.6, 124.7, 123.9, 123.8 (Ar-
Cm, Ar-Cp and Ar-Co, two overlapping signals), 67.3 (C-N), 37.0 (imine CH2CH3), 
28.4, 28.0, 27.8, 27.6 (ArCH(CH3)2), 24.7 (imine CH3), 22.6, 21.5 (ArCH(CH3)2), 
11.1, 10.6, 10.4 (AlCH2CH3 & imine CH2CH3), 3.3, 1.1 (AlCH2CH3)  
E.A.: Calcd. C 76.10 %, H 9.96 %, N 7.10 %; Found. C 75.98 %, H 9.90 %, N 
7.13 % 
Et2AlCl + Lmdip
Et2AlCl (1.5 mL 1 M in hexane, 1.5 mmol) was added to a Lmdip (0.422 g,1.51 
mmol) solution in toluene which resulted in a colour change from yellow to orange. 
The mixture was then stirred for 21 hours at room temperature. After heating the 
reaction mixture to 70 °C and stirring for 5 hours the solution was refluxed for 
another 18 hours. 
{Lmdip-H}AlEtCl: 1H NMR (500 MHz, C6D6, 298K) : δ = 7.17 (m, 1H), 7.13 
(m, 1H), 7.13 (m, 1H), 7.12 (m, 1H) (aryl (2x), Py-H3, Py-H6), 6.77 (m, 1H, Py-H4), 
6.71 (m, 1H, aryl), 6.12 (m, 1H, Py-H5), 4.59, 3.73 (d, 1H each, 2J H-H = 1.0 Hz, 
C=CH2), 3.14, 2.62 (sept, 1H each, 3J H-H = 6.7 Hz, ArCH(CH3)2), 1.75 (t, 3H, 3J H-H = 
8.1 Hz, AlCH2CH3) 1.30, 1.17, 1.01, 0.18 (d, 3H each, 3J H-H = 6.7 Hz, ArCH(CH3)2) 
0.69 (m, 2H, AlCH2CH3 ). 
Unknown product B 1H NMR (500 MHz, C6D6, 298K) : δ = 8.94 (broad, 1H, 
pyridine), 7.98 (broad, 1H, pyridine), 7.0-6.4 (m, 2H, aryl), 6.54 (broad, 1H, aryl), 
6.39 (broad, 1H, pyridine), 2.65, 2.41 (broad, 1H each, ArCH(CH3)2), 1.70 (t, 3H, 3J 
H-H = 8.1 Hz, AlCH2CH3), 1.29, 1.20, 0.68, 0.38 (d, 3H each, 3J H-H = 6.7 Hz, 
ArCH(CH3)2), 0.83 (t, 2H, 3J H-H = 8.1 Hz, AlCH2CH3). One of the pyridine signals was not 
observed. 
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Synthesis of {Lmdip-H}Li 
To a solution of diisopropylamine (0.161 g, 1.59 mmol) in THF, n-
butyllithium (0.99 mL 1.6 M) was added. After 15 minutes a solution of Lmdip (0.446 
g, 1.59 mmol) in THF was added (solution turns from yellow to red). The reaction 
mixture was then stirred for 10 minutes after which the THF was removed reduced 
pressure. An off white powder remains. Crystals were obtained by adding hexane 
followed by slow evaporation of the solvents. 
{Lmdip-H}Li: 1H NMR (200 MHz, C6D6, 298K): δ = 7.68 (m, 1H), 7.3-7.1 (m, 
4H), 6.89 (m, 1H), 6.38 (m, 1H) (pyridine & aryl), 4.37, 3.60 (s, 1H each, C=CH2)16, 
3.47(m, 4H, THF), 1.48, 1.05 (d, 6H, 3J H-H = 6.4 Hz, ArCH(CH3)2), 1.34 (m, 4H, 
THF). The isopropyl septet is obscured by the THF signal. 
Direct synthesis of {Lmdip-H}AlEtCl  
One equivalent of in situ prepared EtAlCl2 (prepared by adding an Et2AlCl 
solution in hexane to an equimolar amount of AlCl3 in hexane; 5.6 mL, 1M solution 
in hexane) was added to a 1.59 g (5.6 mmol; 1 eq.) solution of {Lmdip-H}Li in toluene 
(colour changes from brown / yellow to green). After stirring the mixture for 15 
hours, the toluene was removed under vacuum. A green powder remained. 
Only the peaks of the C=CH2 fragment were assigned.
1H NMR (200 MHz, C6D6, 298 K): δ = 4.63, 3.76 (s, 1H each, C=CH2).16 
Direct synthesis of {Lmdip-H}AlEt2
1.5 mL Et2AlCl solution (1.5 M in hexane) was added to 1 equivalent of in 
situ prepared {Lmdip-H}Li in 5 mL toluene. Some solid precipitated. After removal of 
the toluene in vacuo and extraction with hexane, the product was crystallised from 
hexane. 
{Lmdip-H}AlEt2: 1H NMR (200 MHz, C6D6, 298 K): δ = 7.68 (m, 1H), 7.4-7.0 
(m, 4H), 6.76 (m, 1H), 6.34 (m, 1H) (pyridine & aryl), 4.53, 3.79 (d, 1H each, 2J H-H = 
1.2 Hz, C=CH2), 3.51 (sept, 2H, 3J H-H = 7.0 Hz, ArCH(CH3)2), 1.38, 1.35 (d, 6H 
each, 3J H-H = 7.0 Hz, ArCH(CH3)2), 1.22 (t, 6H, 3J H-H = 8.2 Hz, AlCH2CH3), 0.32 
(m, 4H, AlCH2CH3)  
13C NMR (50 MHz, C6D6, 298K): δ =190.3 (N-C=C), 156.6, 150.5, 147.2, 
142.9, 140.9, 139.4, 126.2, 124.4, 122.8, 121.1 (pyridine & aryl), 84.5 (N-C=C), 26.3, 
24.8, 22.1 (ArCH(CH3)2 & ArCH(CH3)2 (2x) ), 9.9 (AlCH2CH3), 0.3 (AlCH2CH3). 
E.A: Calc. C 75.79 %, H 9.10 %, N 7.69 %; Exp. C 75.74 %, H 9.09 %, N 
7.74 % 
EtAlCl2 + Lmdip
In situ prepared EtAlCl2 (1.5 mL 1 M in hexane) was added to a Lmdip (0.413 
g, 1.48 mmol) solution in toluene (colour changes from yellow to light orange) and 
was stirred for one day at room temperature (colour is dark red). After heating the 
solution to 70 °C for 21 hours, the mixture is refluxed for one day. 
First product (probably LmdipEtAlCl2): 
1H NMR (200 MHz, C6D6, 298K): δ = 8.51 (broad d, 1H, Py-H6), 8.40 (m, 
1H), 7.67 (broad d, 1H), 7.33 (m, 1H) (Py-H3, Py-H4, Py-H5), 7.2-6.8 (m, 3H, aryl), 
2.45 (sept, 2H, ArCH(CH3)2), 2.37 (s, imine CH3), 0.98, 0.94 (broad d, 6H each, 
ArCH(CH3)2). 
{Lmdip-H}AlCl2: 1H NMR (200 MHz, C6D6, 298K): δ = 4.69, 3.84 (s, 1H each, 
C=CH2).16 Only the peaks of the C=CH2 fragment could be assigned. 
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AlCl3 + Lmdip
AlCl3 (0.28 g, 2.1 mmol) was added to a Lmdip (0.459 g, 2.1 mmol) solution in 
toluene, which resulted in a colour change from yellow to light orange. Then the 
reaction mixture was stirred for one day at room temperature (colour is dark red). 
After heating the solution to 70 °C for 21 hours, the mixture was refluxed for one day. 
1H NMR (200 MHz, C6D6, 298K) : δ = 8.16, 7.72, 7.55 (broad m, 1H each, 
pyridine or aryl), 7.20 – 6.95 (4H, pyridine & aryl), 2.59 (sept, 2H, 3J H-H = 6.4 Hz, 
ArCH(CH3)2), 1.86 (s, 3H, imine CH3), 1.11, 1.06 (d, 6H each, 3J H-H = 6.4 Hz, 
ArCH(CH3)2). Aryl and pyridine peaks at 7.20 – 6.95 ppm are obscured by the 
toluene signal. 
Me2Zn + Lmdip
1.75 mL Me2Zn (1M, 1.75 mmol) was added to 0.49 g Lmdip (1.75 mmol) in 
toluene and stirred for 30 minutes, which resulted in a colour change from yellow to 
light red. Evaporation of the solvent leaves Lmdip. 
Et2Zn + Lmdip
1.79 mL (1M; 1.8 mmol) Et2Zn was added to a 0.5 g Lmdip (1.8 mmol) solution 
in toluene and stirred for 30 minutes. Evaporation of the solvent results in an orange 
powder. A 1H NMR spectrum was recorded in C6D6. This C6D6 solution was heated to 
50 °C, and another 1H NMR spectrum was recorded. 
LmdipZnEt2: 1H NMR (300 MHz C6D6, 298 K ): δ = 8.41 (broad, 1H), 7.68 
(broad, 1H, pyridine), 7.14 (m, 1H), 7.00 (m, 2H), 6.64 (broad, 2H) (pyridine & aryl), 
2.97 (sept, 2H, 3J H-H = 6.7 Hz, ArCH(CH3)2), 2.01 (s, 3H, imine CH3), 1.50 (t, 6H, 3J 
H-H = 8.1 Hz, Zn(CH2CH3)2), 1.28, 1.05 (d, 6H each, 3J H-H = 6.6 Hz, ArCH(CH3)2), 
0.48 (q, 4H, 3J H-H = 8.1 Hz, Zn(CH2CH3)2) 
deprotonated complex: 1H NMR (200 MHz, C6D6, 298 K): δ = 4.59, 3.90 (s, 
1H each, C=CH2).16 Only the peaks of the C=CH2 fragment were assigned. 
Me3Ga + Lmdip
0.27 mL (2.68 mmol) Me3Ga was added to 0.75 g (2.68 mmol) Lmdip in 
toluene, which resulted in a color change from yellow to orange. The solution was 
stirred for 3 hours, The product was crystallised from hexane. 
{Lmdip+Me(i)}GaMe2: 1H NMR (300 MHz, C6D6, 298 K): δ = 7.57 (m, 1H, 
Py-H6), 7.3 – 7.1 (m, 3H, Ar-H), 6.83, 6.74, 6.29 (m, 3H, Py-H5, Py-H4, Py-H3), 
3.97 (sept, 2H, 3J H-H = 6.9 Hz, ArCH(CH3)2), 1.35 (s, 6H, N-C-CH3), 1.31, 1.21 (d, 
6H each, 3J H-H = 6.7 Hz, ArCH(CH3)2), 0.06 (s, 6H, GaCH3 (2x) ). One signal is missing, 
it might be obscured by the C6D6 signal. 
13C NMR (50 MHz, C6D6, 298K): δ = 171.2 (Ar-Ci), 151.4 (Py-C2), 145.1, 
143.9, 138.9, (Py-C6, Ar-Co) 124.3, 123.7, 122.1, 120.6, 118.5 (Py-C3, Py-C4, Py-C5, 
Ar-Cm, Ar-Cp*), 64,6 (imine C-N), 30.7, 28.0, 27.4, 24.0 (imine CH3, ArCH(CH3)2, 
ArCH(CH3)2 (2x) ), -3.94 (GaCH3) 
X-ray crystallography: Structural determination of {Lmdip+Et(i)}AlEt2, 
(Lmdip){Lmdip-H}Li, {Lmdip-H}AlEt2 and {Lmdip+Me(i)}GaMe2
The molecular structures of {Lmdip+Et(i)}AlEt2 and {Lmdip+Me(i)}Me2Ga were 
solved by the PATTY option17 of the DIRDIF program system.18 The molecular 
structures of (Lmdip){Lmdip-H}Li and {Lmdip-H}AlEt2 were solved by SHELXS.19 The 
structure solution and refinement of {Lmdip-H}AlEt2 was hampered by the poor crystal 
quality resulting in rather high thermal displacement factors. All measurements were 
performed at –65 ˚C. During the measurements of {Lmdip+Et(i)}AlEt2, (Lmdip){Lmdip-
H}Li and {Lmdip-H}AlEt2, the crystals were mounted in a glass capillary. The crystal 
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data and a summary of the data collection and structure refinement are given in Table 
1. The structure and part of the atomic numbering is shown in Figure 1 
({Lmdip+Et(i)}AlEt2), Figure 2 ((Lmdip){Lmdip-H}Li), Figure 3 ({Lmdip-H}AlEt2) and 
Figure 4 ({Lmdip+Me(i)}GaMe2).20 
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Table 1. Crystal data and Structure analysis results. 
Compound {Lmdip+Et(i)}AlEt2 (Lmdip){Lmdip-H}Li {Lmdip-H}AlEt2 {Lmdip+Me(i)} 
GaMe2 
Crystal colour translucent yellow-
brown 
translucent red translucent 
yellow 
transparent 
light yellow 
Crystal shape large, thick irregular 
platelet 
very large rough 
fragment 
large, thick 
irregular 
platelet 
rough fragment 
Crystal size (mm) 0.85 x 0.50 x 0.10 1.05 x 0.53 x 0.51 0.70 x 0.54 x 
0.18 
0.20 x 0.20 x 0.13 
Emp. formula C25H39AlN2 C38H47LiN4 C23H33AlN2 C22H33GaN2 
Formula weight 394.56 566.746 364.49 395.22 
Temperature(K) 208(2) 
Radiation / 
Wavelength (Å) 
MoKα (graphite monochromated) / 0.71073 
Crystal system 
space group 
Monoclinic 
P21/n 
Monoclinic 
P21/n 
Orthorhombic 
Pcab 
Triclinic 
P-1 
# reflections for cell 70 131 70 121 
a (Å) 10.0144(5) 10.7217(16) 17.026(7) 10.2943(3) 
b (Å) 17.4543(11) 21.857(2) 9.3677(14) 10.3884(5) 
c (Å) 13.8703(11) 15.1070(16) 28.549(6) A 10.5662(4) 
α (º) 90 90 90 83.970(4) 
β (º) 95.817(7) 90.222(9) 90 72.380(3) 
γ (º) 90 90 90 80.149(3) 
Volume (Å 3) 2412.0(3) 3540.2(8) 4553(2) 1059.36(7) 
Z, dcalc (Mg/m3) 4, 1.087 4, 1.063 8,  1.063 2,  1.239 
Absorption 
coefficient  
(mm-1) 
0.096 0.062 0.097 1.305 
Diffractometer/ scan Nonius KappaCCD with area detector φ and ω scan 
F(000) 864 1304 1584 420 
θ range for data 
collection (º) 
3.10 to 25.00 3.10 to 25.00 3.21 to 23.00 2.10 to 27.50 
Index ranges -11≤h≤11 
-20≤k≤20 
-16≤l≤16 
12≤h≤12 
-25≤k≤25 
-17≤l≤17 
-18≤h≤15 
-10≤k≤10 
-31≤l≤31 
-13≤h≤13 
-13≤k≤13 
-13≤l≤13 
Collected / Unique 40222/ 4233  
[Rint = 0.0334] 
46122/ 6195  
[Rint = 0.0355] 
17871/ 3139  
[Rint = 0.0965] 
38300/ 4873  
[Rint = 0.0280] 
Observed 
([Io>2σ(Io)]) 
3391 4741 1646 4354 
Abs. corr. SADABS multiscan correction21
Refinement Full-matrix least-squares on F2
Computing SHELXL-9722
Data/restraints/ 
parameters 
4233/0/261 6195/0/397 3139/0/241 4873/0/234 
Goodness-of-fit on 
F2 
1.086 1.085 1.072 1.028 
SHELXL-97 weight 
parameters 
0.0403, 1.6223 0.0434, 1.5584 0.0700, 5.1350 0.0230, 0.4921 
Final R indices 
[I>2σ(I)] 
R1 = 0.0488 
wR2 = 0.1133 
R1 = 0.0512 
wR2 = 0.1166 
R1 = 0.1017 
wR2 = 0.2089 
R1 = 0.0243 
wR2 = 0.0553 
R indices 
(all data) 
R1 = 0.0651 
wR2 = 0.1227 
R1 = 0.0714 
wR2 = 0.1288 
R1 = 0.1840 
wR2 = 0.2486 
R1 = 0.0307 
wR2 = 0.0573 
Largest diff. peak 
and hole (e/Å3) 
0.245 and -0.193 0.183 and -0.187 0.176 and -
0.199 
0.305 and -0.239 
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7.1 Introduction 
This chapter describes our attempts to gain insight into the mechanisms that 
operate in the reactions between the bimpy ligand and main-group metal alkyl 
compounds. The two imine groups of the ligand are obvious targets for alkyl "anion" 
attack, comparable to the Grignard reaction of alkylmagnesium halides with ketones. 
However, radical reactions might also occur: these were shown to play a role in alkyl 
addition to the related α-diimine and pyridine mono-aldimine systems. While one 
might expect parallels between the reactivities of mimpy and bimpy ligands, the 
chemistry of the latter appears to be more complicated and often features attack at the 
pyridine ring, a reaction that has never been observed for the mono(imine) systems. 
In the present chapter, we will therefore compare our results for bimpy ligands 
(chapters 4 and 5) with those reported in the literature for the α-diimine/mono-
aldimine systems and with our own results for the mimpy ligand (chapter 6). 
Furthermore, we will make use of DFT calculations for further understanding of this 
complicated matter. 
7.2 Direct addition of metal alkyls to C=X (X = O,N) 
Generally, a reaction between a main-group metal alkyl and a C=X bond starts 
with metal-X coordination, followed by insertion. For MeLi and formaldehyde, the 
reaction mechanism was investigated by DFT calculations.2 Although a very low 
barrier was found for the reaction with monomeric MeLi, an interaction between a 
dimeric organolithium compound and aldehyde is probably a more realistic model.3 
Indeed, an acceptable pathway with a 6-centered transition state with a (MeLi)2 dimer 
as reagent could be found.2  
H3C
Li
Li
CH3
O
HH
H3C
Li
Li
CH3 H3C
Li
Li
CH3
O
H
H
H3C
Li
Li
O C
H2
CH3O H
H
+
6c TS
Scheme 1. Calculated pathway for the reaction of MeLi dimer and formaldehyde with a 6-centered 
transition state.2 
For R3Al and ketone, a comparable reaction pattern can be found. In the 
reaction between Me3Al and benzophenone, a 4-centered transition state is possible, 
but a 6-centered transition state is preferred if enough Me3Al is present.4 A study 
using a more complicated system with 1-acenaphtenyldiisobutylaluminium suggests 
that if a 6-centered-transition state can be created within the system (R3Al:ketone = 
1:1), this is preferred over a 4-centered transition state (Scheme 2).5 
Al O
CH2
Al O
CH2
iBu2
6c TS
iBu2
4c TS
 
Scheme 2. 6c TS vs. 4c TS in reaction between 1-acenaphtenyldiisobutylaluminium and C=O. 
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Reactions between R3Al and C=N groups have also been described. The α-
diimines and mono-aldimines will be discussed later on. A study of carbodiimide 
insertion in Al-CH3 bonds shows good agreement between theoretical modelling6 and 
experiment7. Here, the reaction is shown to pass through a 4-centered transition state. 
There is no reason to assume that other R3Al + C=N reactions would not follow a 
similar pathway. 
N
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X
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X
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X
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CH3X
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X
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N R
Al
N
N
CH3
R
R
X
X
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N RAlX2CH3
+
C
C
CH3
TS2
4c TS
C
Scheme 3. Insertion of carbodiimide in the Al-CH3 bond.6
Addition to a pyridine ring normally follows the same pattern as to a C=N 
bond, but has a higher barrier. A complication can be that addition products can easily 
transfer alkyl or hydride groups to other pyridines. Scheme 4 shows the mechanism of 
the reaction between nBuLi and pyridine as proposed by Clegg. The 1,4 
dihydropyridyl group in the last reaction is also formed via a hydride transfer.8 
N
N H
Li
N N
N
H
H
Li
N
Li
H H
PyPy
PyPy
N
N H
Li
N
nBuLi Py +
Py
Py
nBu
nBu
nBu
Scheme 4. Hydride transfer in the reaction between nBuLi and pyridine.8 
7.3 Radical mechanisms for alkyl transfer 
An alternative mechanism that might be operating is a single electron transfer 
(SET) mechanism, which has gained increasing interest since the nineteen eighties.9 
One of the reactions for which it has been formulated is that between Grignard 
reagents and carbonyl compounds. The formation of radicals follows the two-step 
mechanism shown in Scheme 5.9a 
One prerequisite for such a mechanism is the possibility of electron 
delocalisation. The large extended π-frame of benzophenone and many unsaturated 
nitrogen ligands10 is well-suited for this, and bimpy in particular appears to be very 
good at accepting electrons (section 1.4.1 of this thesis). It is sometimes hard to 
distinguish between a SET mechanism and nucleophilic attack, since the same 
products are formed. However, the distribution of (side) products can be different. 
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Scheme 5. Two-step formation of radicals in the reaction between benzophenone and Grignard 
reagent.9a
The reactions between α-diimines or mono-aldimine ligands and main-group 
metal (Al, Zn) alkyls have been widely studied in the past.11 For these ligand systems, 
a SET mechanism is believed to play a role in the attack of alkyl groups on the ligand 
backbone. Scheme 6 outlines the proposed reaction sequence for Zn. Initially, a 1:1 
coordination complex R2Zn·R’DAB (DAB = diazabutadiene) is formed, in which an 
intramolecular electron shift from the R2Zn moiety to the R’DAB ligand produces a 
radical pair (A). This may collapse within the solvent cage to N-alkylated (B, for 
primary alkyl groups) or C-alkylated (C, for tertiary alkyls and benzylic groups) 
organozinc complexes, or the alkyl radical may escape from solvent cage. In that case, 
the remaining organozinc radical is persistent and is in equilibrium with its C-C 
coupled dimer D. 
Given the reactivity of alkyl radicals, their "loss" after escape from the solvent 
cage is not surprising. The fact that in most cases (Et3Al, Et2Zn + tBu-DAB; Et3Al + 
ALmtBu) only a very small amount of radical species and/or dimer (<2%) is found, 
implies that the radicals are transferred in a tight, nearly concerted manner. Only for 
Et2Zn + ALmtBu, the amount of radical/dimer is much larger (65%), indicating that in 
this case the mechanism is less tight. 
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Scheme 6. Proposed radical mechanism for non-innocent reactions of R’DAB.
Indeed, several observations support a SET mechanism in this particular case. 
First of all, the presence of the persistent radical and its dimer, are indicative of such a 
mechanism. Furthermore, the fact that the reaction to product D could also be induced 
by irradiating Me2ZntBu-DAB, also applies for a SET mechanism.12  
There is however, no reason to exclude the presence of another mechanism 
(direct or ionic), operating simultaneously. A direct transfer to nitrogen should easily 
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proceed. A direct transfer mechanism to the imine carbon via a 4-centered transition 
state as described above for carbodiimides6 seems less likely given the steric repulsion 
of the N-substituents. This is supported by the observation that C-alkylated products 
dominate for R-groups that form stabilised radicals, while other R groups mainly give 
rise to N-alkylated products. The discovery of cationic [RZn(R’DAB)]+13 and of 
radical anionic organozinc species [R2Zn(R’DAB)]·-14 by EPR prompted Van Koten et 
al. to investigate the possibility of alternative ionic mechanisms, but these were 
concluded to be less likely.13 
7.4 Addition to bimpy 
For the bimpy ligand, the situation is even more complicated than for DAB. 
The presence of the pyridine ring offers an additional site for coordination. 
Presumably, one of the imines is the initial coordination target. Further coordination 
from here can occur, but also an addition reaction, which would lead to the imine C-
adduct (vide supra). 
For dialkylzinc, further coordination can play a role, because otherwise the Zn 
centre remains coordinatively unsaturated. DFT calculations indicate that the different 
coordination modes are close in energy. For Lbmet the κ2(imine/pyridine) arrangement 
is lowest in energy. For Lbmes and Lbdip, κ1(imine) is preferred, but the κ3 complex is 
only 2.6 kcal/mol higher in energy15. Further coordination (above κ1) would prevent 
attack at the imine carbon and might enable other reaction paths. 
The fact that experimentally no imine C-adduct is observed in any of the 
reactions indicates that further coordination is indeed important. Experimental 
observations show that the reactivity is largely driven by the character of the zinc 
alkyl. For Me2Zn, no further reaction is observed, indicating that the Zn-Me bond is 
not weakened enough for an addition reaction to occur (chapter 5). For Et2Zn, further 
coordination probably also prevents addition to all ring positions except Npy. Heating 
is needed for generation of ring C2 and C4-adducts. For iPr2Zn, ring carbon adducts 
are directly observed, and even form the main part of the product pool in case of Lbdip. 
Imine addition is also not observed for dibutylmagnesium. For Lbmes, only 
pyridine N-adduct is observed, for Lbdip, also a reasonable amount of C2 adduct can be 
observed. This indicates that the situation is in between Et2Zn, and the more hindered 
iPr2Zn. 
Aluminium compounds are known to be coordinatively saturated with four 
substituents, implying that coordination to the imine nitrogen would be sufficient. 
Indeed, the κ1(imine) complex is over 14 kcal/mol lower in energy than the κ3-
coordinated complex (Table 1). However, 5-coordinate or even 6-coordinate 
aluminium is not impossible, and the product formation shows that indeed imine 
addition is probably not the initial reaction. However in contrast to the metals 
discussed above, imine adduct is eventually observed, while pyridine N-adduct is not. 
For the heavier analogues Ga and In, the same product pool is observed, with 
exception of the pyridine C4 adduct. 
7.4.1 Intramolecular pathway 
We have modelled the reaction between Me3Al and simplified ligand Lbmet by 
means of DFT calculations. First, we searched for the most stable coordination 
complex; this turned out to be the κ1(imine) configuration as expected (Table 1). 
From this complex, we considered a direct intramolecular pathway. All the transition 
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state energies for intramolecular transfers are listed starting with direct transfers from 
Al, followed by intramolecular shifts and the products. 
Table 1. Energies (kcal/mol) for intramolecular alkyl transfer barriers and products of Lbmet and Me3Al 
in kcal/mol, b3lyp, SV(P) basisset.
κ1(im) (0) 
κ1(Py) 13.8 
κ2(im/Py) 14.0a 
κ3 14.3 
N-adduct -15.4 
2-adduct -24.5 
3-adduct -34.7 
4-adduct -34.5 
Ni-adduct -23.2 
Ci-adduct -25.9 
N-addition TS 17.3 
2-addition TS 48.1 
3-addition TS 69.7 
4-addition TS 64.5 
Ni-addition TS 31.6 
Ci-addition TS b 
N-2 adduct shift TS 60.1 
N-4 adduct shift TS 64.1 
Ci-2 adduct shift TS 2.2 
Ci-Ni adduct shift TS 42.4 
2-3 adduct shift TS 17.5 
3-4 adduct shift TS 19.8 
a) The starting structure is κ2, however, upon optimalisation, the Al-Nim bond is broken and a κ1-Py 
coordinated complex is formed (the energy differs from the above because the imines are coordinated 
slightly differently). b) no TS found 
As further illustration, the different products and their mutual energy barriers 
have been outlined in Scheme 7. The first item that attracts attention is the fairly low 
barrier for the transfer of the methyl group to the pyridine N position. According to 
these calculations, this transfer is the first thing that will happen upon reaction of Lbmet 
and Me3Al. From this {Lbmet+(N)}AlMe2 product, further reaction of the methyl 
group to the C2 or C4 position of the pyridine ring seem impossible given the 
calculated barriers of over 75 kcal/mol. The only other possibility is the reverse 
reaction, but further intramolecular reaction from there seems difficult: the lowest 
barrier is then to the imine nitrogen, but this is already 31.6+15.4 = 47 kcal/mol, and 
probably severely underestimated since the steric bulk of the "real system" has been 
left out. All other barriers are very high in energy. For the 3- and 4-adducts this is 
hardly surprising, given the physical distance between the Al atom and these 
positions. A transition state for addition at the imine position could not be found at all. 
In any case, the numbers tell us that methyl transfer to pyridine N is very likely, but 
since we have never observed such a product experimentally16 (in contrast to the Zn, 
Mg and Li alkyl reactions17), the adduct probably reacts further in a non-
intramolecular fashion. Furthermore, although the 2-adduct is obviously not formed in 
this manner, its barrier for rearrangement to the imine adduct is not very high, which 
nicely corresponds to our observation that heating {Lbdip+Et(2)}AlEt2 produces 
mainly {Lbdip+Et(i)}AlEt2 (chapter 4). 
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Scheme 7. Energies for alkyl transfer barriers and products of Lbmet and Me3Al in kcal/mol, 
B3LYP/SV(P).
7.4.2 Intermolecular pathways 
As shown above, the most stable coordination mode for Me3Al/Lbmet is κ1. 
Going to κ3 costs 14.3 kcal/mmol, which constitutes most of the barrier to the N-
adduct. The change from κ1 to κ3 is accompanied by a weakening of the Al-C bonds. 
While in the κ1 mode the longest Al-C bond is 2.01 Å, in the κ3 mode this has grown 
to 2.13 Å. Indeed, this methyl is activated to such an extent that going from the κ3 
complex to the N-adduct only takes 3.0 kcal/mmol. Geometrical constraints 
complicate transfer to any other position of the ligand frame. There is, however, no 
reason why this activated methyl might not participate in other reactions. Either such 
reactions would have a barrier even lower than 3 kcal/mol, going form the κ3 
complex, or the reaction from the κ3 complex to the N-adduct is reversed at the 
expense of 18.4 kcal/mol. 
We have tried to quantify the weakening of a metal carbon bond upon ligand 
coordination by means of calculations. To achieve this, we have compared the 
energies of the separated radicals MMen-1·/Me· and the intact metal alkyl compound 
MMen. This was executed with and without ligand; comparing those values provides 
an indication of the change in strength of the M-C bond. Our calculations are limited 
to a single imine and an α-diimine as ligands. Still, the results in Table 2 are 
indicative of a severe weakening upon binding to a ligand. This weakening has two 
distinct reasons: 
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(1) The coordinated MMen-1· radical is stabilised by delocalisation of the unpaired 
electron to the ligand π-system. 
(2) For coordination numbers greater than 4, the "hyper-coordinated" MMen 
starting alkyls are destabilised. 
As expected, coordination to the ligand is more expensive for Al than for Zn. 
In fact, κ2 coordination of Me3Al to the α-diimine ligand nearly ‘costs’ the complete 
energy of the Al-C bond. For bimpy, this effect should be at least as large, since here 
the metal is forced to bind κ3. 
Table 2. Energies of breaking M-Me bonds in kcal/mol (b3lyp, SV(P) basisset).
 cost of breaking 
M-C bond 
Me2Zn 72.2 
(Imine)ZnMe2 67.6 
(α-diimine)ZnMe2 25.1 
Me3Al 81.1 
(Me3Al)2b 84.4 
(Imine)AlMe3 71.0 
(α-diimine)AlMe3 (κ1) 9.3 
(α-diimine)AlMe3 (κ2) 4.8 
a) Absolute M-C bond dissociation energies calculated via ΔSCF procedures are unreliable. Howver, 
the differences between them should be more realistic. b) In solution, Me3Al is present as a dimer; 
according to our calculations, the Al-Me bond is stronger in the dimer. 
Although this is based on a simple model, and the values obtained cannot be 
expected to be accurate, they do confirm the results obtained experimentally: Al 
alkyls are more susceptible to loss of an alkyl, i.e. intermolecular reactivity. We have 
considered both ionic and radical pathways for alkyl loss. 
Ionic pathway 
To probe the possibility of an ionic pathway, we studied the reaction between 
simplified ligand ALbcal and Et2AlCl (this Al alkyl was chosen because we wanted to 
calculate the full pathway to the dimer of {Lbdip+Et(4)}AlEtCl).1 The observation that 
κ3 binding in the ALbcal pocket elongates one of the Al-C bonds to 2.59 Å, combined 
with our observation of an ionic product [LbdipAlCl2][AlCl4] from Lbdip and AlCl3, 
prompted us to introduce a second equivalent of Et2AlCl in our calculations (all 
energies are therefore calculated relative to one ligand ALbcal and two equivalents of 
Et2AlCl). This led to the reactions summarised in Scheme 8. 
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Scheme 8. Calculated free energies (kcal/mol; 273K, 1 bar) of minima and [transition states], relative 
to ALbcal + 2 Et2AlCl.
Indeed, a second equivalent Et2AlCl seems capable of picking up a weakly 
bound alkyl from the κ3 complex. The loosely bound ion pair [ALbcalAlEtCl][Et3AlCl] 
is calculated to be lower in energy than the separated molecules ALbcal and [Et2AlCl]2 
even in the gas phase.18 Ethyl migration from the Et3AlCl- anion to various positions 
of the cation can now proceed smoothly: calculated free energy barriers are 15.0 (C2), 
12.9 (C3), 12.1 (C4) and 8.6 (imine) kcal/mol. Transfer to C2 is mildly exothermic 
(12.0 kcal/mol); the other reactions are highly exothermic (24.8, 23.5 and 22.6 
kcal/mol, respectively) and lead to products of comparable stability.  
Although not selected for this purpose, it seems possible that the polar Et2AlCl 
might favour an ionic pathway more than a normal Al alkyl compound would. We 
have therefore recalculated the transition states for the reaction between Me3Al and 
the full Lbdip ligand. As starting point we have chosen Lbdip and 2 equivalents of 
Me3Al, similar to the example above. Table 3 gives the energies for the transfers and 
products. Again, the 3- and 4- adduct are close to each other and lowest in energy, 
while the imine adduct is now clearly less stable. From the barriers it seems that these 
are largely determined by steric hindrance, transfers to the severely hindered imine N, 
and to a lesser extent the pyridine N, is high in energy, while the other positions are 
nearly equally accessible. 
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Table 3. Energies for alkyl transfer barriers following an ionic pathway and products of Lbdip and 
Me3Al in kcal/mol, SV(P) basisset.
Lbdip and 2 Me3Al (0) 
N-addition TS 9.1 
2-addition TS -4.0 
3-addition TS -4.2 
4-addition TS  -5.0 
Ni-addition TS 30.2 
Ci-addition TS -4.2 
N-adduct -15.4 
2-adduct -26.0 
3-adduct -36.7 
4-adduct -37.2 
Ni-adduct -9.5 
Ci-adduct -28.0 
 
Concluding, it seems that the calculated barriers are low enough to be 
compatible with initial adduct formation via an ionic mechanism. They do however 
not explain the lack of appearance of C3 adduct in any of our experiments. 
Radical pathway 
Another option is homolytic cleavage of one of the weak Al-C bonds of a κ3 
complex LbdipAlR3. The essentially free alkyl radical might then via intermolecular 
transfer attack the ligand backbone at virtually every position. Indeed, preliminary 
calculations show that attack on the ligand backbone by an alkyl radical has a very 
low barrier. A problem is that, similar to the ionic pathway, no convincing distinction 
between any of the positions is observed. When the approaches of Me· to the pyridine 
C3 and C4 positions are compared by constrained geometry optimisations, a 
maximum difference of 2.1 kcal/mol is found in favour of the 4-position (see Figure 
1). Although the order agrees with the observed preference, the energy difference is 
hardly convincing in explaining the complete absence of any pyridine C3 adduct. 
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Figure 1. Energy profile for addition of a methyl radical to the pyridine C3 and C4.
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Another problem with such a mechanism, as with the α-diimine and mono-
aldimine systems,11 is that reaction with another ligand is just one of the options for a 
free radical. If anything, it would be expected to react with the abundantly present 
solvent molecules much more quickly. However, the observation of LbdipAlR2· 
radicals1 (chapter 4), in very low concentration (Me3Al<1%, Et3Al<0.1%) indicates 
that alkyl "loss" does not happen easily. It might be that alkyl radical transfer 
proceeds in a tight (concerted?) mechanism with a second ligand molecule, which 
prevents radical loss from the solvent cage. Such a concerted reaction might even hold 
the key to the observed addition preference: the interaction between the donor and 
receptor ligand molecules must then be of such geometry that transfer to the pyridine 
C2, C4 and imine C is promoted, while transfer to pyridine C3 is hindered. Up till 
now we have not been able to identify such a concerted pathway. 
7.5 Mimpy reactivity 
From the reaction between Lmdip and Et3Al, we know that for mimpy ligands, 
the reactivity is limited to imine addition. In Table 4, it can be seen that this is indeed 
the most stable product, although the barrier for its formation is fairly high.  
This is what would be expected for normal R3Al/C=N reactivity,6,7which 
indicates that the presence of the pyridine nitrogen does not influence this reactivity 
much. Al can bind to this second nitrogen, but this binding is not strong enough to 
prevent direct addition. Moreover, the fact that mimpy differs from bimpy in this 
reactivity is another indication that coordination to the third nitrogen of bimpy is 
responsible for weakening the M-C bonds and hence the observed ring alkylations. 
Table 4. Energies (kcal/mol) for intramolecular alkyl transfer barriers and products of Lmmet and 
Me3Al in kcal/mol, b3lyp, SV(P) basisset.
coordination product (0) 
N-adduct -3.7 
2-adduct -14.2 
3-adduct (trans) 14.9 
3-adduct (cis) -24.1 
initial 4-adduct (C-3 coordinated) 0.5 
N-coordinated 4-adduct -25.3 
5-addduct -27.0 
6-adduct -22.2 
Ni-adduct -15.6 
Ci-adduct -31.6 
N-addition TS 27.6 
2-addition TS 45.0 
3-addition TS (trans) 33.6 
3-addition TS (cis) 63.2 
3-adducts trans/cis TS 20.0 
4-addition TS 54.8 
TS to N-coordination 32.9 
5-addition TS 65.6 
6-addition TS 34.4 
Ni-addition TS 21.9 
Ci-addition TS 34.6 
Ci-2 adduct shift 5.0 
 
7.6 Conclusions 
The calculations and comparison with mimpy, have shown that the presence of 
a second imine group in bimpy is crucial for its remarkable reactivity. Although κ1 
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binding is lowest in energy, κ3 bonded structures with a severely weakened Al-C bond 
are accessible. Escape via a direct intramolecular transfer is only possible to the 
pyridine N-position due to the geometric constraints induced by the tight binding in 
the bimpy pocket. Since this addition is downhill in energy with an extremely low 
barrier, this addition most likely occurs, but the reaction does not stop there. The most 
likely further reaction from the κ3 complex is an intermolecular one in which the Al-C 
bond is broken either homolytically (to produce an alkyl radical), or heterolytically 
via reaction with a second aluminium alkyl molecule. 
For zinc, the situation is different: full κ3 binding in the bimpy pocket is still 
not ideal, but less unfavourable than for aluminium. Consequently, the Zn-C bonds 
are weakened to a lesser extent, which results in a higher barrier for addition to the 
pyridine nitrogen. Still, the geometric constraints are the same, blocking 
intramolecular addition to any other position. Loss of an alkyl group is less easy than 
for Al: it does not occur for Me2Zn, requires heating for Et2Zn, but for the more 
sterically demanding iPr2Zn it occurs immediately. 
For Bu2Mg, the situation is comparable to iPr2Zn. The difference in product 
formation for Lbmes and Lbdip indicates that also in this case the balance between the 
alkyl group moving to the pyridine N-position or participating in the intermolecular 
pathway producing the other adducts is a delicate one. 
For Li, finally, the reversibility of N alkylation eventually leads to 
deprotonation of an imine methyl group instead of attack at a ring or imine carbon. 
Neither the barriers shown in Scheme 8, Table 3 and Figure 1 nor the adduct 
stabilities, explain why we have never observed any of the C3-adduct, which is 
calculated to be as low in energy as the C4-adduct and about equally easy to form. It 
might be that formation of adducts follows a path completely different from the ones 
studied here, and that this alternative path has a large kinetic bias against formation of 
a C3 adduct. Alternatively, it could be that C3 adducts are even more reactive than C4 
adducts and rapidly dimerise or polymerise to non-observable products. 
7.7 Experimental section 
All geometry optimisations were carried out with the Turbomole program19,20 
coupled to the PQS Baker optimizer.21,22 Geometries were fully optimised as minima 
or transition states at the unrestricted bp8623,24/RIDFT25 or the B3LYP26 level using 
the Turbomole SV(P) basisset27 on all atoms. For ALbcal, all stationary points were 
characterised by vibrational analyses (numerical frequencies); ZPE and thermal 
(enthalpy and entropy) corrections (1 bar, 273K) from these analyses are included. 
For these systems, all energies mentioned in text and tables are free energies. For 
Lbmet and Lbdip, the B3LYP functional with the SV(P) basisset was used. 
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8.1 Introduction 
Olefin polymerisation with late transition metals was born as a topic by 
Brookhart’s discovery in the mid-nineties which revealed the Ni and Pd α-diimines to 
be potent catalysts.1 Only a few years later, the parallel discovery by Gibson and 
again Brookhart that also Fe and Co bimpy complexes can catalyze olefin 
polymerisation, led to a rapid evolution of the area.2 The extensive research that 
followed these discoveries has clearly established the non-innocent character of the 
bis(imine) pyridine ligand. In an electronic sense, it is a powerful π-acceptor, which 
can simply accept electron density (i.e. in a backdonation fashion), but also full 
electrons.3 Cases have been observed in which a single bimpy ligand frame accepts 
one4, two5 or three6 full electrons in its π* orbitals. This behaviour provides access to 
low formal oxidation and spin states for a number of transition metals. The ligand is 
also non-innocent in a chemical sense. Complexed to transition metals or not, it can 
be alkylated at nearly every position of its framework.7 The imine methyls are prone 
to deprotonation by basic reagents like MeLi or LiCH2SiMe3.7g,h;8 Both alkylated (4-
adduct) and deprotonated species can undergo dimerisation reactions involving C-C 
bond formation.8c,d;9 
The question comes to mind whether there is a relation between this 
remarkable non-innocent behaviour and the rich catalysis displayed by many of its 
transition metal complexes. When trying to answer such a question, one should keep 
in mind that actual catalytic processes are usually hard to study. Because of their high 
rates, the active intermediates in a catalytic cycle are extremely short-lived. Therefore, 
the species that can be observed are very often some form of deactivated catalyst 
instead of an active component. 
8.2 Non-innocence and hydrogenation 
For the Co hydrogenation catalysis described in chapter 3 of this thesis,10 it is 
clear that the particular electronic configuration of the bimpy ligand as described in 
chapter 2 is essential. In other words, the electronic non-innocence does play a 
prominent role here. The electronic properties of the bimpy ligand lead it to form 
LCoX complexes containing low-spin CoII antiferromagnetically coupled to a ligand 
radical anion; the resulting ensemble behaves as if it were a low-spin square-planar d8 
CoI complex, similar to complexes of the heavier congeners Rh an Ir. Thus, the ligand 
non-innocence enables us to access for Co at least a part of the rich catalysis 
displayed by these two heavier metals. Even though our calculations show that the 
catalytic cycle probably does not involve a discrete CoIII species, the bimpy Co 
complexes are potent hydrogenation catalysts. 
For the bimpy Rh hydrogenation,10 the reductive powers of the ligand seem to 
prevent Rh from following its usual monovalent/trivalent catalytic cycle. Since this 
does not prevent it from being active in catalysis, it seems that electronic non-
innocence is also involved here. The bimpy Fe complex which is active in 
hydrogenation and hydrosilation of olefins and alkynes11, is formally Fe0, but 
according to calculations actually L(·-)FeI. In the proposed catalytic cycle, the ligand 
appears to be involved as well, providing the Fe atom with the appropriate 
coordination environment and spin state required for these types of catalysis. 
Thus, non-innocence plays a prominent role in the hydrogenation catalysis 
displayed by Co and Fe bimpy complexes. However, this is limited to electronic non-
innocence, which provides access to low oxidation states and low/intermediate spin 
states. 
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8.3 Non-innocence and polymerisation 
Several bimpy transition metal complexes have been reported to polymerise 
olefins. However, the most spectacular remain the first reported Fe and Co bimpy 
catalysts, because of their late transition metal character (polymerisation catalysis is 
usually limited to early transition metals). It is tempting to assume that the extreme 
non-innocent behaviour of bimpy plays a prominent role for these catalysts. Indeed, 
also the Ni and Pd complexes of α-diimine ligands, which represent the only known 
other LTM high-rate olefin polymerisation system, 1 are known for their non-innocent 
character.12 The fact that both these ligands give rise to the same unique catalysis, and 
share their nature in activating the metal-carbon bonds of the metals they are 
associated with (see chapter 7), hardly seems coincidental. 
Studying the mechanism of bimpy polymerisation however, is a complicated 
matter. First of all, the rates that are achieved in terms of turnover numbers are much 
higher than for the hydrogenation catalysis, making the system harder to study. 
Secondly, most systems require a large excess of MAO (100-1000 eq.) as cocatalyst, 
which makes studying the process on a molecular level virtually impossible.  
ETM bimpy polymerisation 
Bimpy complexes of Ti13, V7e and Cr14 have all been reported to polymerise 
olefins (for Ti and V, rates are less spectacular than for Fe and Co). These metals have 
fewer d electrons than Fe and Co, making them more electrophilic; they form active 
catalysts with many ligands. The fact that with bimpy they also give active catalysts is 
an indication that the bulk of this ligand is adequately positioned for polymerisation.  
The ETM complexes of bimpy display clear chemically non-innocent 
behaviour. The observed reactivity seems comparable to that observed for main-group 
metals in chapters 4 and 5. However, the relevance to polymerisation of these 
reactions is unclear. Even after ligand modification, the metals remain electron-
deficient, and the steric hindrance around the active site is not much influenced by an 
additional alkyl on the bimpy backbone. The fact that the vanadium precatalyst also 
gives rise to an active catalyst with a modified ligand backbone,7e does not necessarily 
mean that this ligand modification is crucial for polymerisation. 
Fe bimpy polymerisation 
For Fe, the paramagnetic character of most of its bimpy complexes, combined 
with the extremely high polymerisation activities, has long hindered the development 
of mechanistic understanding. However, recently a dialkyl species was reported, soon 
followed by the isolation of the high-spin divalent cationic mono-alkyl species 
[LbdipFeCH2SiMe2CH2SiMe3]+ which was shown to be an active single component 
catalyst.15 Moreover, this active species is in accord with predictions from earlier 
computational studies16 as well as with a mass spectrometry study of the dichloride 
precursor with MAO, in which similar LbdipFeR+ species were detected.17 Most 
interestingly, the bimpy ligand does not appear to be involved more than the usual 
metal-ligand interaction.18 In other words, the commonly displayed non-innocent 
behaviour does not seem to play a prominent role in this particular species, although it 
may still be important in lowering the energies of the lower-spin states of Fe enough 
to allow olefin insertion. 
This does not explain all results that have been obtained for the Fe bimpy 
polymerisation systems. As noted in the general introduction, all complexes shown in 
Figure 21 are active catalysts when activated by MAO.9b Apart from A, all the ligand 
backbones have undergone modification. 
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Figure 1. Five different precatalysts, which are all active in ethylene polymerisation when activated 
with MAO.9b
An obvious explanation would be that the non-innocent reactions are reversed 
upon reaction of MAO, restoring the original ligand frame. For the ring addition as 
seen in species B for iron and in the vanadium case, this might be possible. Whether 
MAO might also reprotonate the ligand frames of species C and D seems rather 
doubtful. Moreover, reversing the reductive coupling leading to the monovalent dimer 
E seems quite impossible. 
There is more data which appears hard to correlate with a LbdipFeR+ as the 
only possible active species. In Table 1, the polymerisation activities of the complexes 
A-E from Figure 21 are compared. Although the differences are not dramatic for a 
catalytic reaction, the doubly deprotonated neutral species C and anionic D do 
polymerise ethylene at higher rates than their counterparts and the original precatalyst. 
Even more striking are the properties of the polymers that are produced. The 
molecular weight distribution for the original bimpy Fe catalyst is known to be 
bimodal with a narrow distribution at low MW and a broadly dispersed PE at very 
high molecular weight. The polymer produced by species A shows an identical 
distribution. In contrast, the polymer produced by monovalent dimer E shows only the 
broadly dispersed high molecular weight PE. Species C and D show an intermediate 
behaviour, meaning that both types of PE are formed in comparable amounts. 
Table 1. Activaties displayed by the various precatalysts of Figure 1. 
Complex activity (kg PE/ 
mol cat/h/atm) 
LbdipFeCl2 678 
A 474 
B 509 
C 1433 
D 1015 
E 654 
 
The exact meaning of this is hard to extract, though it seems that a divalent 
active species and a mono-valent active species both make their own type of PE. 
Depending on the starting ligand framework, activation of the different divalent 
precursors by MAO leads to formation of a certain amount of the mono-valent active 
species and certain amount of the divalent active species. It would be interesting to 
compare these data to the polymer produced with the single active component 
[LbdipFeCH2SiMe2CH2SiMe3]+ mentioned above, but weight distribution data on this 
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polymer are not available. The absence of a scavenger in that particular 
polymerisation procedure makes the polymer weight distribution too dependent to 
impurity contents to have any significance. 
Escape of the bimpy Fe divalent precatalysts to mono-valent species is not 
unlikely. First of all, this is what happens to the Co precatalyst upon reaction with 
MAO (vide infra).19 Secondly, several bimpy iron complexes have been shown to 
undergo similar reactions. Although reaction of LbdipFeCl2 with 2 equivalents of 
LiCH2SiMe3 leads to the dialkyl divalent species, in the same reaction with 
LbdepFeCl2, a reduced (formally monovalent) complex is formed as well 
(monovalent:divalent = 4:1). Reaction with two equivalents of MeLi leads to 
exclusive formation of a monovalent mono-alkyl species, also for the more bulky 
Lbdip. 
Co bimpy polymerisation 
If we take a closer look at the Co systems, we see that these are generally 
more susceptible to reduction. Both MeLi and LiCH2SiMe3 reduce bimpy cobalt(II) 
precursors, including LbdipCoCl2.19 It has also been shown spectroscopically that 
LbdipCoCl2 is reduced in reaction with MAO.19a Still, all reduced complexes 
(LbdipCoCl, LbdipCoMe) can be activated by MAO to polymerise ethylene. It does not 
seem likely that MAO which first reduces the precatalysts will later on re-oxidise 
these systems. Moreover, all these precursors produce the same unimodal PE as the 
dichloride precatalyst when activated by MAO. 
Gibson has shown that a Lewis acid activator (B(C6F5)3) can also abstract the 
last methide from LbdipCoMe, to form a bare cation, to which a first equivalent of 
ethylene can coordinate. Addition of more ethylene starts the polymerisation (with 
low rates).19b How an active catalyst can be formed from a LbdipCo(C2H4) cation 
without any metal-carbon σ-bond remains unclear. Gibson suggests that the activator 
returns its methide group to the metal and then attacks the olefin (Scheme 1). This 
suggestion is based on the observation of deuterated chain ends when LbdipCoCD3 is 
activated by B(C6F5)3 or LbdipCoCl2 is activated by perdeuterated MAO. 
N
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Scheme 1. Activation of the bimpy Co ethylene adduct by the Lewis Acid methide complex as proposed 
by Gibson.19c
The observations that LbdipCoCl activated by [HNMe2Ph][B(C6F5)4]19c or 
Li[B(C6F5)4]20 can also polymerise ethylene seem to suggest the opposite, since no 
methyls are present in the precatalyst nor in the activator in these cases. However, the 
activity observed for these systems is relatively low, which leaves room for the 
possibility that in these particular cases a different activation mechanism is operating, 
which has little net contribution to the activity of the original catalyst system. 
Concluding for the Co systems, whether the proposed species by Gibson is the 
real active species or not, in all precursors, we do see that the ligand is electronically 
involved. Based on this observation, several groups have designed ligands that share 
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the capacity to accept electrons from coordinated metal centres, as well as some basic 
structural characteristics of the bimpy skeleton. Pyridine dicarbene21 and pyridine 
diphosphinimine22 complexes were indeed shown to have similar electronic 
configurations as bimpy Co complexes, but they exhibit zero or moderate 
polymerisation activity respectively. This might also be due to the fact that the steric 
bulk, which has proven to be extremely important for bimpy, is just not positioned 
correctly in these new systems. 
 
In general, the research from this thesis has shown that bimpy ligands can be 
electronically involved in the chemistry and catalysis of their complexes. Reactions 
between main-group metal alkyl compounds and bimpy show that the ligand is also 
chemically involved, and that upon coordination with bimpy, metal-carbon bonds are 
easily broken. For the metal-carbon bonds of metals active in olefin polymerisation 
when attached to bimpy, similar processes have been observed, but they do not 
always take place. Since the stability of the metal-carbon bonds obviously plays a 
crucial role in any insertion polymerisation process, it might be that the characteristics 
of bimpy offer these metals just the right margin for such a process to proceed. 
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Summary 
Bis(imine) pyridine ligands combine two striking characteristics. On the one 
hand, they are extremely non-innocent in the sense that they interfere in the chemistry 
of their complexes, both chemically and electronically. On the other hand, their Fe 
and Co complexes form one of the known two late transition metal systems that are 
able to polymerise olefins at high rates. We believe that the combination of these 
characteristics is not based on coincidence, which is further supported by the fact that 
the other high-rate LTM polymerisation system is also supported by a ligand that 
combines these features. In this thesis we have attempted to confirm this hypothesis 
by unravelling the non-innocent processes operating in these bis(imine) pyridine 
ligands. (chapter 1). 
We have extensively studied the electronic structure of bimpy CoIX structures. 
Such species are formed en route to the active species in polymerisation. These 
structures have a diamagnetic ground state with a square-planar coordination 
geometry. However, in contrast to their heavier RhI and IrI analogues, they are best 
regarded as containing low-spin CoII antiferromagnetically coupled to a ligand radical 
anion. Currently, we do not know whether this particular configuration is also 
important in the catalytic cycle of polymerisation. The lowest-lying triplet state, 
corresponding to a 3dz2→π* excitation, lies only a few kcal/mol above the ground 
state. The singlet-triplet separation decreases with increasing ligand field strength of 
the group X at Co. We suggest that the anomalous 1H NMR shifts observed for these 
Co complexes, but not for their Rh and Ir analogues, are due to thermal population of 
the triplet state at room temperature. The triplet state is so low in energy that it can 
certainly be involved in chemical reactions. Obviously, the availability of both a 
singlet biradical and a triplet state multiplies the number of reaction paths accessible 
to the complex. (chapter 2). 
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Figure 1. Bimpy CoIX structures are best regarded as containing low-spin CoII antiferromagnetically 
coupled to a ligand radical anion. 
The fact that these pseudo CoI alkyls share their square-planar configuration 
with their heavier congeners Rh and Ir, prompted us to investigate their properties in 
types of catalysis normally associated with these heavier metals. Indeed, the bimpy 
Co alkyls are active in hydrogenation. In contrast to the ligand effects observed in 
polymerisation, introduction of less bulky substituents at the imine nitrogens does not 
have a large effect on catalyst activity. Stoichiometric experiments with LbdipCoH 
Summary  
135
have demonstrated both olefin insertion into the hydride and hydrogenolysis of the 
metal-alkyl bond, suggesting that the hydride species is part of the catalytic cycle. 
However, the fact that also a small amount of a paramagnetic product (<5%) is 
formed upon reaction with H2 means that the possibility of a paramagnetic species 
being active as well, cannot be ruled out. Calculations are not conclusive but prefer a 
cycle involving CoI over a Co(0)/CoII cycle. It might well be that other catalytic 
reactions usually associated with rhodium and iridium will also lend themselves to 
this kind of metal replacement. (chapter 3). 
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Figure 2. Bimpy CoI alkyls are active as olefin hydrogenation catalysts. 
The reaction of Lbdip with Al alkyls is surprisingly complex and features 
alkylation at the C2, C4 and imine carbons; in addition, a small amount of LbdipAl 
dialkyl radical complex is formed. This last complex is formed in higher yield (38%) 
in the reaction between Me3Al and the Fe polymerisation precatalyst, where it is 
recognised as a deactivation product. An ionic product is formed in the reaction 
between Lbdip and AlCl3. The additions are in part reversible: upon heating isolated C2 
adduct, imine and C4 adducts are formed. The C4 adducts can dimerise to form the 
tricyclic ligand skeleton observed earlier for a chromium derivative. Calculations 
indicate that dimerisation of the C4-adduct follows a non-synchronous biradical 
pathway; there seems to be no reason why the Cr system would not follow the same 
route. The newly formed six-membered ring has all substituents in a well-defined 
stereoselective orientation, which suggests this reaction might have some potential in 
organic synthesis. (chapter 4).  
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Figure 3. Possible reactions of Lbdip with Al alkyls. 
Also the other tested main-group metal alkyl compounds react in a chemically 
non-innocent manner with bimpy ligands. For the main-group metals Ga and In, 2-
adduct and imine adduct are the main products observed. Heating (only executed for 
Ga) drives the product pool toward imine adduct, indicating that this is the 
thermodynamic product. The group 2 metal Mg and the group 12 metal Zn show a 
strong preference for the pyridine N as initial target. Heating (only executed for Zn) 
results in formation of mainly C2 adduct, as well as some C4 adduct. No tricyclic 
dimers or imine adducts were observed here. (chapter 5). 
The reactions between mono(imine) pyridines and main-group alkyl 
compounds are less complex. Reaction of Lmdip with Et3Al only produces the imine-
adduct, while alkyl Al chlorides also produce deprotonated complexes. Neither alkyl 
transfer to the pyridine ring, nor any of the dimerisation reactions observed for bimpy 
complexes are observed. Also dimerisation via C-C coupling of the imine carbons, as 
observed for mono aldimine pyridine ligands in combination with R2Zn, is not 
observed for this ligand. (chapter 6). 
Comparison of the mimpy and bimpy reactivity, shows that the second imine 
arm of bimpy is essential for most chemically non-innocent reactions. Calculations 
confirm that κ3 complexes can be formed. Especially for Al, and to a lesser extent for 
Zn and Mg, this unfavourable geometry results in weakening (activation) of the 
metal-carbon bonds. At the same time, κ3 coordination raises geometrical constraints 
for most intramolecular conversions except for N-addition. For Al, N-alkylation can 
be reversed, and the alkyl can participate in an intermolecular pathway, leading to the 
other adducts observed. For Zn and Mg, the barrier for the reverse reaction which 
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opens the route to the intermolecular pathway is higher, and here the fate of the alkyl 
strongly depends on the reaction temperature and on the steric bulk of the reactants. 
The nature of the intermolecular pathway is presently unclear: indications for both an 
ionic and a radical pathway have been found, and neither can at present be ruled out 
by calculations. (chapter 7). 
In general, the research from this thesis has shown that bimpy ligands can be 
electronically involved in the chemistry and catalysis of their complexes. Reactions 
between main-group metal alkyl compounds and bimpy show that the ligand is also 
chemically involved, and that upon coordination with bimpy, metal-carbon bonds are 
easily broken. For the metal-carbon bonds of metals active in olefin polymerisation 
when attached to bimpy, similar processes have been observed, but they do not 
always take place. Since the stability of the metal-carbon bonds obviously plays a 
crucial role in any insertion polymerisation process, it might be that the characteristics 
of bimpy offer these metals just the right margin for such a process to proceed.
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Samenvatting 
Bis(imine) pyridine liganden combineren twee opvallende eigenschappen. 
Enerzijds zijn ze niet-onschuldig in de zin dat ze een actieve rol spleen in de chemie 
van hun complexen, zowel chemisch als elektronisch. Anderzijds vormen hun Fe en 
Co complexen een van de twee bekende late overgangsmetaal systemen welke in staat 
zijn olefines te polymeriseren op hoge snelheid. Wij zijn van mening dat de 
combinatie van deze eigenschappen niet gebaseerd is op toeval, hetgeen voorts 
ondersteund wordt door het feit dat ook het andere bekende late overgansmetaal 
systeem dat polymeriseert op hoge snelheid, van een ligand gebruik maakt dat deze 
eigenschappen combineert. In dit proefschrift hebben we getracht deze hypothese te 
bevestigen door de niet-onschuldige processen die in deze bis(imine) pyridine 
liganden een rol spelen te ontwaren. (hoofdstuk 1). 
We hebben uitgebreid de elektronische structuur van bimpy CoIX complexen 
onderzocht. Dergelijke deeltjes worden gevormd op weg naar het actieve deeltje in 
polymerisatie. Dergelijke structuren hebben een diamagnetische grondtoestand met 
een vlak-vierkant coordinatie geometrie. In tegenstelling tot hun zwaardere RhI and IrI 
analogen, kunnen ze echter het best worden gezien als deeltjes met low-spin CoII dat 
antiferromagnetisch is gekoppeld met een ligand anion radicaal. Tot op heden weten 
we niet of deze configuratie ook van belang is in de polymerisatie cyclus. De 
laagstgelegen triplet toestand, welke overeenkomt met een 3dz2→π* excitatie, ligt 
slechts enkele kcal/mol boven de grondtoestand. De singlet-triplet scheiding 
verminderd met oplopende ligandveld sterkte van de groep aan Co. Wij stellen voor 
dat de opvallende 1H NMR shifts zoals waargenomen voor deze Co deeltjes maar niet 
voor de Rh en Ir analogen, veroorzaakt wordt door thermische bezetting van de triplet 
toestand bij kamertemperatuur. De triplet toestand is namelijk zo laag in energie dat 
deze een rol kan spelen in chemische reacties. Het feit dat zowel een singlet biradicaal 
als een triplet toestand toegankelijk zijn, doet het aantal reactiemogelijkheden voor 
het complex explosief stijgen. (hoofdstuk 2). 
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Figuur 1. Bimpy CoIX structuren kunnen het best worden beschouwd als low-spin CoII deeltjes, 
antiferromagnetisch gekoppeld met een ligand radicaal anion.
Het feit dat deze pseudo CoI alkylen hun vlak-vierkant configuratie gemeen 
hebben met hun zwaardere anolagoen Rh en Ir, bracht ons ertoe hun prestaties te 
onderzoeken in het veld van katalyse dat doorgaans geassocieerd wordt met deze 
zwaardere metalen. Het blijkt dat de Co alkylen daadwerkelijk actief in hydrogenering 
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zijn. In tegenstelling echter tot de ligand effecten zoals die in polymerisatie zijn waar 
te nemen, wordt de katalysator activiteit nauwelijks beinvloedt door minder grote 
groepen te introduceren op de imine stikstoffen. Stoichiometrische experimenten met 
LbdipCoH hebben zowel olefine insertie in de hydride binding als hydrogenolyse van 
de metaal–alkyl binding laten zien, wat suggereert dat het hydride deeltje onderdeel is 
van de katalytische cyclus. Echter, het feit dat er ook een geringe hoeveelheid 
paramagnetisch product gevormd wordt in de reactie met H2 betekent dat de 
mogelijkheid van een paramagnetisch deeltje dat ook actief is, niet uitgesloten kan 
worden. De berekeningen bieden geen defintief antwoord, maar laten een voorkeur 
zien voor een cyclus met CoI ten opzichte van een Co(0)/CoII cyclus. Wellicht dat 
andere katalytische reacties die normaal met rhodium en iridium worden geassocieerd 
ook in aanmerking komen voor vervanging van het metaal. (hoofdstuk 3). 
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Figuur 2. Bimpy CoI alkylen zijn actief als hydrogeneringskatalysatoren.
De reactie van Lbdip met Al alkylen is verassend gecompliceerd en bestaat uit 
alkylering van de C2, C4 en imine koolstoffen; daarnaast wordt een kleine 
hoeveelheid LbdipAl dialkyl radicaal complex gevormd. Dit laatste complex wordt met 
hogere opbrengst (38%) ook gevormd in de reactie van Me3Al met de Fe 
polymerisatie prekatalysator, waar het als deactivatie product wordt beschouwd. In de 
reactie tussen Lbdip en AlCl3 wordt een ionisch product gevormd. De addities zijn 
gedeeltelijk reversibel: het verwarmen van het zuivere 2-adduct, leidt tot vorming van 
imine en C4 adduct. C4 adducten kunnen dimeriseren om het tricyclische ligand 
skelet te vormen zoals eerder bij een bis(imine) pyridine chroomverbinding is 
waargenomen. Berekeningen laten zien dat deze dimerisatie van het C4 adduct 
volgens een niet-synchroon biradicaal pad verloopt; vermoedelijk geldt dit dan ook 
voor het Cr systeem. De nieuw gevormde zesring heft alle substituenten in een goed 
gedefinieerde stereoselectieve orientatie, wat suggereert dat deze reactie potentie zou 
kunnen hebben in organische synthese. (hoofdstuk 4). 
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Figuur 3. Mogelijke reacties van Lbdip met Al alkylen.
Ook de andere geteste hoofdgroepmetaal alkyl verbindingen reageren op een 
chemisch niet-onschuldige wijze met bimpy liganden. Voor de hoofdgroepmetalen Ga 
en In zijn C2 en imine adducten de voornaamste producten. Bij verwarmen (alleen 
uitgevoerd voor Ga) blijft voornamelijk imine adduct over, wat betekent dat dit het 
thermodynamische product is. Mg (groep 2) en Zn (groep 12) hebben in eerste 
instantie een  sterke voorkeur voor de pyridine N . Bij verwarmen (alleen uitgevoerd 
voor Zn) wordt voornamelijk C2 adduct gevormd, samen met wat C4 adduct. Er 
worden nu geen tricylische dimeren of imine adducten gevormd. (hoofdstuk 5). 
De reacties tussen mono(imine) pyridines en hoofdgroep alkyl verbindingen 
zijn minder ingewikkeld. In de reactie van Lmdip met Et3Al wordt alleen imine adduct 
gevormd, terwijl met alkyl Al chlorides ook gedeprotoneerde verbindingen worden 
gevormd. Alkyl transfer naar de pyridine ring, noch dimerisatie zoals bij de bimpy 
complexen worden waargenomen. Ook vindt dimerisatie via C/C koppeling van de 
imine koolstoffen, zoals waargenomen voor mono aldimine pyridine liganden in 
reactie met R2Zn, niet plaats voor dit ligand. (hoofdstuk 6). 
Vergelijking tussen de mimpy en bimpy reactiviteit laat zien dat de tweede 
imine arm van bimpy essentieel is voor de meeste chemisch niet-onschuldige reacties. 
Berekeningen bevestigen dat k3 complexen inderdaad gevormd kunnen worden. Met 
name voor Al en in midere mate voor Zn en Mg, geldt dat deze ongunstige geometrie 
in een verzwakking (activering) van de metaal-koolstof bindingen resulteert. 
Tegelijkertijd veroorzaakt deze k3 binding geometrische hindernissen voor alle 
intramoleculaire omzettingen op N-additie na. Voor Al is N-alkylering reversibel 
zodat het alkyl intermoleculair kan reageren tot de adducten zoals waargenomen. 
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Voor Zn en Mg geldt dat de dat de barrière voor de terugreactie hoger is, zodat het lot 
van de alkyl groep sterk afhankelijk is van de reactie temperatuur en de sterische 
hinder van de reactanten. De precieze aard van het intermoleculaire reactiepad is nog 
onduidelijk: aanwijzingen voor een ionisch, maar ook voor een radicaal reactiepad 
zijn gevonden, en tot op heden kan geen van beide worden uitgesloten op grond van 
berekeningen. (hoofdstuk 7). 
Het onderzoek in dit proefschrift heeft aangetoond dat bimpy liganden 
elektronisch betrokken zijn bij de chemie en katalyse van hun complexen. Reacties 
tussen hoofdgroep metaal alkylverbindingen en bimpy laten zien dat het ligand ook 
aan de chemie kan deelnemen, en dat in geval van coordinatie aan bimpy, metaal-
alkyl bindingen makkelijk verbroken kunnen worden. Voor de metaal-koolstof 
bindingen van metalen die actief zijn in olefine polymerisatie, zijn  soortgelijke 
processen waargenomen in de reactie met bimpy. Omdat de stabiliteit van metaal-
koolstof bindingen  een cruciale rol speelt in om het even welk polymerisatie process, 
is het niet ondenkbaar dat juist bimpy deze metalen de benodigde bandbreedte 
verschaft om een dergelijk proces te kunnen laten verlopen. 
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Dankwoord 
Bijna vijf jaar geleden werd ik als AIO aangenomen op de afdeling 
Anorganische Chemie geleid door Ton Gal. Aan het einde van mijn contract was ik 
junior wetenschapper bij Moleculair Materials onder leiding van Alan Rowan. Dat er 
een hoop kan gebeuren in 4 jaar moge duidelijk zijn. 
Ton, ik blijf je altijd dankbaar dat je mij destijds hebt binnengehaald, en vind 
het jammer dat je nu niet volgens planning mijn promotor bent. Ook heb je mij 
sinterklaas leren spelen.  
Alan, de switch naar molecular materials was niet mijn keuze, toch heb je mij 
alle ruimte gegund mijn onderzoek af te ronden, en belangrijker nog, je was er ook 
echt in geïnteresseerd. Bovendien vond ik het wel aardig eens een kijkje te nemen in 
andermans keuken, zo aan het einde van mijn promotie. 
Peter, ik ben erg blij dat jij uiteindelijk ook promotor hebt kunnen worden, 
omdat jij voor een geweldige dagelijkse begeleiding hebt gezorgd. Als ik vastzat, 
kwam de gigantische database van organometaalchemie in jouw intern geheugen erg 
van pas. Ook toen jij tijdens het opschrijven van dit werk Nederland verruilde voor 
Canada hoefde ik nooit lang te wachten op advies of correcties. Het meeste echter, 
waardeer ik jouw eerlijkheid en jouw integere kijk op de wetenschap. 
Ook met jou Bas, was het altijd prettig samenwerken, en kon ik altijd terecht 
voor een vraag of discussie. Bovendien ben jij de reden dat ik serieus overweeg een
 karaoke apparaat mee te nemen op mijn promotiefeest. 
 
Een van de leukste onderdelen van een promotie, is het begeleiden van 
studenten. Gelukkig waren die er dan ook, sterker nog, toen ik begon liep de eerste al 
rond. Niet dat jij nou zo heel veel begeleiding nodig had, Dennis, maar toch. 
Ongelooflijk ook wat je sindsdien als collega nog hebt gepresteerd. Erik, het stuk 
chemie dat jij ging doen was voor ons beiden even nieuw, en het was erg leuk daar 
samen lijn in (proberen) te krijgen. Veel van mijn goedbedoelde adviezen werden 
door jou beantwoord met: ‘Dat zegt mijn moeder ook altijd’. Verder konden we ons 
erg goed vinden in literatuur en arthouse films, of zaken van wat meer niveau als 
wielrennen en voetbal, wat onze samenwerking tot een erg gezellige tijd maakte. Wie 
Teun zegt, zegt enthousiasme, en als er iets aanstekelijk is, is het enthousiasme, 
waarvoor dank. Jouw ongebreidelde energie leidde tot een breed scala aan ideeën, met 
voor mij de dankbare taak diegenen met een te hoog MacGyver gehalte af te schieten. 
Toch bleef er genoeg mooi werk over. 
 
Ondersteuning op het lab is ook van ongekend belang, wil je iets van je 
promotie maken. Al die apparaten op zo’n lab, je moet er maar mee om kunnen gaan, 
maar dat kan Theo dan ook, en hij is nooit te beroerd het jou ook even uit te leggen. 
Maar voor NMR moet je toch echt bij Paul of Ad zijn, en dat niet alleen, Paul is 
waarschijnlijk de enige ter wereld die verhalen over het hopeloos tekortschietende 
woningbeleid van de gemeente Didam, de interne organisatiestructuur van 
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ponykampen van de manege in dito gemeente, alsmede de historische opbouw van 
Loilsche boerderijen en aanverwante gierputten op dergelijke wijze weet op te 
lepelen, dat ze boeiend zijn van begin tot eind. Verder was er Koos, die behalve veel 
van onderwijs, ook alles van middeleeuwse iconologie wist. In Eindhoven kon ik 
terecht bij de groep van Dieter Vogt, voor metingen beschreven in hoofdstuk 3, 
Christian Müller, Marije Nijkamp en Michiel Grutters, ben ik dankbaar voor hun hulp 
hierbij. Voor kristalstructuren worden altijd terecht Jan en Rene bedankt, maar wist U 
ook dat eerstgenoemde een berucht killer is bij het kaartspelletje ‘oorlogje’, terwijl 
laatstgenoemde jarenlang verantwoordelijk is geweest voor de hilarische 
sinterklaasspeeches van de afdeling anorganische chemie? Trudy, en later Ingrid 
waren altijd goed om op terug te kunnen vallen als de zeef functie in mijn geheugen 
zichzelf weer eens bewees. Fijne gesprekken gevoerd met Trudy ook. 
 
Het werken op een lab wordt erg gezellig door de losse sfeer die er heerst met 
collega AIO’s en loslopende studenten. Tegelijk met mij begon Jaap als AIO, de 
enige chemicus ter wereld die door middel van schelden reacties kan laten verlopen. 
Samen met Dennis, die inmiddels ook AIO was geworden, vormden we de laatste 
lichting echte anorganici (Galianen) op de afdeling. Nogal wat weken wisten we goed 
af te sluiten in het cultuurcafe. Ook met onze voorgangers Monique, Martijn, Arno, 
Sander en Simone heb ik nog fijn samengewerkt; als Simone op de haar 
karakteristieke wijze ons allen een goedemorgen wenste, dan werd het er ook één, al 
was het alleen maar door de reactie van Mr. Ice T(ea) Arno. Met Martijn had ik al een 
goede band opgebouwd toen ik zijn student was, en dat is gelukkig ook gebleven. 
Samen met Sander waren jullie verantwoordelijk voor frisbies op de afdeling, wat met 
name bij mooi weer erg leuk was. De lichting na ons deed dus wat andersoortige 
chemie (op Erika na dan), maar was niet minder gezellig. Carmen, Suzanne, Bram, 
Hans Peter, Femke, Michal, Rosalyne, Kasper en Erika, veel succes met jullie 
onderzoek. Na de verhuizing dronken we in plaats van met tien opeens koffie met een 
man of 60. Voordeel was dat hier colleges 16e en 17e eeuwse schilderkunst werden 
gegeven, iets waarvan ik samen met nieuwe collega’s FemkedL en PaulvG regelmatig 
een gewillig toehoorder was. 
 
Heel mooi allemaal, maar gelukkig is er ook een leven naast het lab, waarin 
vrienden en familie een grote rol spelen. Elk jaar een weekje op Mannûh vakantie 
(liefst met z’n zessen natuurlijk) om lekker de bergen in te gaan en over broekjes te 
praten. Elk jaar een weekendje Ardennen. De eerste jaren nog voetballen met het 
huukske plus aanverwante kroegbezoeken natuurlijk. Squashen, de oude holleweg op 
fietsen, allemaal zaken die met vrienden erg aangenaam zijn, en voor de nodige 
 zorgen tijdens zo'n promotie. 
Ouders, schoonouders, wat ik nou precies allemaal deed, was misschien niet 
altijd even duidelijk, maar ik vond het met name fijn, dat jullie geinteresseerd waren 
of ik het naar mijn zin had. In de famieliehoek waren ook mensen te vinden die mij 
konden helpen met het ontwerpen van de voorkant van dit boekje; Gerben heel erg 
bedankt voor je creatieve ideeën (en de fietstochten langs alle treinstations in Gouda), 
en ook fijn dat jij nog even je specialiteit in stelling hebt gebracht, Marin. Ze zullen 
mooi naast elkaar staan in de kast... Tot slot was jij er, Lianne, eerst nog ver weg, 
maar later elke dag dichtbij. Dat laatste bevalt duidelijk beter, dus laten we dat nog 
maar heel lang zo houden. 
 
afleiding
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Curriculum Vitae 
De schrijver van dit proefschrift werd op 7 juni 1975 geboren te Etten-Leur. In 
1993 behaalde hij zijn VWO diploma aan het Interconfessioneel Makeblijde College 
te Rijswijk. In september van datzelfde jaar werd begonnen met de studie Scheikunde 
aan de Katholieke Universiteit Nijmegen. In 1995 werd deze opleiding verruilt voor 
het HLO (biochemie) ook in Nijmegen. In 1998 werd deze opleiding afgerond met 
een stage aan de vakgroep Virologie (Medische Microbiologie) onder leiding van Dr. 
Willem Melchers. Hierna werd een jaar gewerkt als research analist aan de vakgroep 
Moleculaire Dierfysiologie onder leiding van Prof. Dr. Gerard Martens. Als HBO-
instromer werd de studie scheikunde wel afgerond, en wel na een gecombineerde 
stage aan de vakgroep Anorganische Chemie onder leiding van Prof. Dr. Ton Gal en 
Dr. Peter Budzelaar en de onderzoeksgroep CT-MON van de Koninklijke Shell onder 
leiding van Dr. Andrew Horton. In 2001 werd begonnen met het in dit proefschrift 
beschreven onderzoek aan dezelfde vakgroep Anorganische Chemie welke in 2005 
werd omgezet in Moleculair Materials, waarbij de leiding in handen van Prof. Dr. 
Alan Rowan kwam. In 2006 werd begonnen met een positie als researcher bij 
Engelhard BV.  
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